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ABSTRACT

This report presents a new salt-drift deposition model for single natural-draft
cooling towers which has the advantages of improved theory and good performance
with field data, Advantages to the model include:

1z a submodel for cooling-tower plume rise which has been catibrated
and validated with Taboratory and field data,

2. improved treatment of droplet evaporation which accounts for saft-
concentration gradients within the drop, and

3 an optiovii to employ a new drop breakaway criterion which allows a more
ﬁggsinuous transition between plume and ampient environments for the
The drift model performs well in terms of comparisons made of predictions to 1977
Chalk Point Dye Study data. Those data include measurements of sodium deposi-
tion flux, average diameter, number drop deposition flux, and 1iquid deposition
flux at downwind distances of 0.5 and 1.0 km. The model is untested for distances
greater than 1.0 km due to the lack of good-quality field data at these distances.

The model was developed as an improvement over existing theories which are
evaluated theoretically and tested with Chailk Point data in this report. Sensi-
tivity studies are presented which provide considerable insight as to the differ-
ences among existing formulations for droplet evaporation and droplet breakaway
methods.
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PROJECT RESULTS

A model that has been developed and validated has prediction capabilities that are
superior to other available mathematica) models of cooling tower plume dispersion,
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For example, in 77 percent of all cases of single sources that were studied, the
model predicted a visible plume rise within a specified accuracy. This was the
best performance among all available models (over a dozen) that were investigated.

This effort has also produced a useful review and summary of European research on
cooling tower plume dispersion (Volume 1). Workshops in the fall of 1981 and in
1982 are being planned to disseminate to the industry the computer code that is
being developed.

This series of volumes should be of value to utility planning engineers concerned
with the impact of cooling tower plumes on plant siting.

John A, Bartz, Project Manager
Coal Combustion Systems Division
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SUMMARY

This report presents the development of an improved model for salt-drift deposition
for single natural-draft cooling towers. Improvement is in terms of the new
theoretical assumptions made along with good performance of model predictions to
field data. The work is a continuation of an earlier study evaluating the state-
of-the-art of drift deposition modeling. -

The first part of the report (Sections 2, 3, and 4) provides an in-depth analysis
and evaluation of the theory and performance of existing drift,hode]s.‘ Predic-
tions of ten models are compared with fie]d data taken at Chalk Point in 1976 and
1977. The 1977 study was the Dye Tracer Study which separated salt deposition
from stack and cooling-tower sources. With this latter data, we found that the ,
ESC/Schrecker, Hosler-Pena-Pena (ANL), and Wigley-Slawson models compared most
favorably with the ground-level sodium deposition flux data from the cooling

tower and were generally within the error bounds of the data. However, most models
predicted larger drop diameters at deposition than were measured. The ESC/Schrecker
model predicted nearly within a factor of three for sodium deposition flux,

Tiquid mass deposition rate, number drop deposition flux, and average diameter.

It should be recognized that the Chalk Point Dye Study data were taken under .
special ambient conditions and the performance of all models tested cannot necess-
arily be extrapolated to significantly different environmental conditions. The
1977 Chalk Point data are also limited in the sense that only one survey was -
performed and only within 1.0 km from the tower. The 1976 Chalk Point data were
of marginal value due to the small size samplers used. Model evaluation and
improvement is best accomplished by relying on other relevant data not directly
connected with the drift problem in order for significant advances to be made.

We found that a separate study of each of the four component parts of a drift
model (plume rise, breakaway, droplet evaporation, and droplet deposition) for
possible improvements provided the best direction for improvement efforts. Chalk
Point salt-deposition data could then be used for model validation purposes.

The plume rise portion of a drift model was studied in detail in Vol. 2 and the
model developed there is sufficiently validated and calibrated to laboratory and
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field data for use in drift predictions. That model serves as the plume rise
portion of our improved drift model.

We carried out much work to evaluate and improve existing models' formulations for
droplet evaporation. First, six formulations commonly used in predicting drift

droplet evaporation were evaluated in terms of simplifying approximations made.

The fundamental theory of droplet evaporation in an unsaturated atmosphere is
reviewed and the different treatments of evaporation used by the models are com-
pared with the exact formulation. The major discrepancies arise due to approxi-
mations to the droplet temperature. The best (nonexact) treatment of droplet
evaporation of those tested is Mason's equation (employed in the Overcamp-Israel
and Wigley-Slawson drift models) yielding differences from the exact solution
which are generally less than 20%. The worst is the case of the drop temperature
taken equal to the ambient dry-bulb temperature (employed in the Hanna drift model)
yielding evaporation rates consistently too large by about 130%.

To determine the range of differences between the predictions of existing evapora-
tion submodels, a sensitivity study comparing droplet trajectories was made for a
hypothetical case of a salt-containing drop released from a fixed height. It was
found that {a} significant differences can exist among model predictions of
distance to deposition, final diameter and final settling velocity, (b) these
differences are generally smaller for the larger drop sizes, (c} model predictions
are quite sensitive to changes in relative humidity at relative humidities above
F0%, but are fairly insensitive to changes below this value, and {d} larger
ambient temperatures and lower drop salt concentrations lead to larger distances
to deposftion. That semsitivity study also revealed that initial drop diameter is
the most impartant parameter in determining deposition history. Ambient relative
humidity fs important in determining the final state of the smaller drops. General
rules of thumb are proyided for extreme behaviors such as deposition with little
evaporation and deposition after near instantanecus evaporation.

In all existing methods studied, the effect on drop evaporation of salt concen-
tration gradients in the drop was not treated. Without such treatment, Evapora=-
tion rates may be incorrectly computed and the final size of the droplet {after
complete evaporation) may be wrongly determined.

Based upon the knowledge gained in the above-mentioned comparisons of existing
evaporation submodels, we undertook the development of an improved analysis of
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drop dynamics and thermodynamics which serves as a basis for our drift model
(Section 5). Starting from sound physical principles and calling upon previous
experimental studies of drop evaporation, we have developed an analysis which
avoids the arbitrary simplifications inherent in most of the earlier.models.
Important features of this model are: (a) it treats all the dynamic and thermo-
dynamic phenomena characterizing an evaporating drop, (b) it uses proven correla-
tions for heat and mass transfer coefficients, (c) all properties are considered
to be temperature, and if appropriate, salt concentration or vapor concentration
dependent, (d) it considers salt gradients internal to the drop and their effects
on evaporation, precipitation, and desiccation, and (e) the drop model permits
fully three-dimensional ambient conditions to be utilized. For drOps reaching
their final state, the present model predicts the point of deposition further
from the tower than any of the other existing models tested, owing to the fact
that the final state is actually a porous particle that is hollow inside (an
effect of salt gradients within the drop) instead of a commonly-assumed solid

crystalline particle.

The third area of detailed evaluation and improvement is the treatment of droplet
deposition (Section 6). A number of drift models employ the Ballistic-Gaussian
approach to handle droplet dispersion in a field of ambient turbulence. Our study
of those deposition formulations §hows that most are unvalidated, do not conserve
mass, and do not give the correct qualitative behavior when parameters such as
wind speed are changed. Considering the above deficiencies in the available
deposition formulations, the following advancements and improvements have been
made: (a) a basic nondimensionalization of the deposition problem has been '
developed which reduces the number of parameters that must be considered and has
allowed clearer insight into the effects of different variables and the problems
with existing models, (b) a Monte Carlo simulation has been developed which will
serve as a standard of comparison, and (c) a sensitivity study has been carried
out with the Monte Carlo model in order to gain insight into the effect of non-
dimensional parameters on deposition patterns. Our drift model will continue to
employ the Ballistic approach until work on a cost-effective and accurate
Ballistic-Gaussian methodology can be.completed.

The fourth major part of a drift model that was analyzed in detail is the treat-
ment of drop breakaway (Section 7 and 8). Four breakaway methods from the
literature were identified and a fifth was developed by us. Our new method provides
a cont{nuous transition between plume and ambient environment for the drift drops.
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Our single-tower NDCT plume model was coupled with our improved drop evaporation
formulation allowing breakaway by any of the five methods under study. A sensi-
tivity study was carried out to determine the differences among the five methods
in predictions of breakaway location and deposition distances for individual
drops (Section 7). We found that the five breakaway criteria tested provided
significantly different predictions of droplet breakaway locations and resulting
drop deposition distances for the intermediate range of droplet sizes, 100-850 um.
The breakaway criteria are least sensitive for the sma]]est (D0 < 100 um) and
largest droplets (Do > 850 um). Other than initial droplet size, the second most
important parameter in determining breakaway location and deposition distance is
ambient wind speed, not only on its effect on the plume (and therefore the drop),
but also its effect on drop trajectory after breakaway. Two of the five criteria
tested showed a level of insensitivity to some important variations such as
ambient profile chosen (neutral, unstable, or stable) and wind speed.

We then completed our drift model by combining our single-tower NDCT plume model

to our new droplet evaporation formulation for all drops (tentatively allowing

‘all of the five breakaway criteria) and employing the Ballistic method for deposi-
tion. In this way, we could test the complete drift model with field data using
any of the five breakaway criteria. The model was tested against the 1977 Chalk
Point Dye data by running the model five times, once with each of the five breakaway
criteria (Section 8). Results were tabulated and compared to field data for

sodium deposition flux, liquid mass deposition flux, number drop-deposition flux,
and average diameter. Two of the five breakaway criteria which appeared most
physically justifiable (from the sensitivity study) provided the best performance
with the field data. The new method noted above performed as well as the "radius"
criterion used in a number of existing models. It is the radius criterion, however,
which is used in both our single and multiple-source drift models. The new method
is presently an option only in our single-source drift computer code.



Secfion 1

INTRODUCTION

This report presents work carried out to improve mathematical models for salt-
drift deposition from single natural-draft cooling towers. The objective of this
portion of our overall study is twofold:

1. - to assess the correctness of the assumptions made in the presently
available models of drift deposition, and

2. to develop, through improvement of the best existing models, a new
model which has strong theoretical support and which can accurately
represent the range of experimental data available.

This work began as a continuation of the U.S. NRC sponsored work to evaluate the
state-of-the-art of drift deposition modeling (1). The results.of the earlier
NRC study available as input to our work here were:

1. Field data on drift deposition at the Chalk Point cooling tower

(1975 and 1976), organized in a common format and documented in
sufficient detail for model verification.

é. Computer codes for the numerous (10) available models for drift
dispersion, each operational at the ANL Computer Facility with
input/output formats consistent with the data bank organization.

3. Comparisons of model predictions with field data and an evaluation
of the applicability and adequacy of the models as currently formu-
lated. :

4, Limited sensitivity studies establishing the sensitivity of model
predictions to uncertainties in measured input data.

5. A state-of-the-art report on drift modeling (1).

As can be seen, our previous model validation program was a natural first step
toward the ultimate goal of generating a viable drift deposition model.

Our model improvement program began with a deeper investigation into the existing
theories to determine areas best suited for improvement. Section 2 provides a
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review of the existing theories of drift dispersion along with a review of model/
data comparisons to 1975 and 1976 Chalk Point data.

Section 3 provides a detailed evaluation of the various droplet evaporation
formulations employed in existing drift models. #s will be seen, most employ
simplifying assumptions which are not appropriate for drift droplet dispersion
applications. Also, no methods treat the important effects of salt-concentration

gradients within the drop.

Section 4 updates the previous validation work by testing the existing drift
models with the present high-guality field data taken during the 1977 Chalk Point
Oye Study. In addition, an analysis of the field data is undertaker.

Section 5 presents our improved droplet evaporation submodel. That model avoids
the arbitrary simplifications inherent in most of the earlier models. Also, the
model accounts for salt-concentration gradients -in the drop which leads to the
conclusion that drops which reach their final state in the evaporation process
fall further from the tower than predicted by any of the other existing models;
this conclusion results from the fact that the final state is actually a porous
particle that is hollow inside (and of lower settling velocity) instead of a
common]y-assumed solid crystalline particie.

section 6 ﬁfﬂVid&s a study of the various deposition formulations in current use
which aim at accounting for the effect of ambient turbulence on the trajectory

and fall of drift droplets. It fs found that most existing models are unvalidated,
do not conserve mass, and do not always give the correct qualitative behavior

when key parameters are varigd.

Section 7 presents our drift model in which the ANL single-tower plume model s
combined with our new evaporation submodel through different breakaway criteria.
This section presents a sensitivity study which helps us to assess the effect
different choices in breakaway criteria have on drop trajectory, distance to
deposition, and drop size upon deposition. A new breakaway method is also intrg-
duced which provides a continuous transition between plume and ambient environ-
ments for droplets.

Section 8 compares predictions of our drift model {under different breakaway
metheds) to the 1977 Chalk Point Dye Data. The two breakaway methods with the



greatest physical appeal perform best. One of them, the "radius" ceiterion, was
chosen for our single and multiple-source drift model due to its simplicity in
application. The new breakaway method (which is one of the two) is our option in
our ANL single-source drift model.

As will be seen, we have followed two basic points of philosophy in this report.
First, the amount of high-quality field data available to test drift models are not
extensive and are available only at ground level. As a consequence, we cannot
make final judgements on specific modeling assumptions (such as plume rise, drop
evaporation rates, etc.) solely from the available ground-level field data. Thus
we concentrated our efforts to improve the four basic submodels of a drift model
(plume rise, breakaway, drop evaporation, and deposition) separately through
special studies and special data related indirectly to the drift problem in order
to provide improved submodels. The Chalk Point data were then used only for
validation (and not calibration) of the resulting model. The seébnd point of
philosophy relates to the fact that the high-quality field data from Chalk Point
are at or within 1 km from the tower. No high-quality data exist at further
distances. As a result, we must rely on theoretical considerations alone for
such phenomena (drop dynamics/thermodynamics, ambient turbulence effects, etc.)
which have effects at larger distances downwind than 1 km, until field data at
those large distances are acquired.
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Section 2

EVALUATION OF THEORY AND PERFORMANCE OF
SALT-DRIFT DEPOSITION MODELS FOR NATURAL DRAFT COOLING TOWERS

This section reprints a paper we presented in May 1978 which provides a review

of the formulations of existing drift models. These models are similar in
development consisting of four components: plume rise, drop breakaway, drop
evaporation, and effects of atmospheric turbulence. The models are also tested
with the field data acquired at the Chalk Point cooling tower during 1976. The
Chalk Point data taken in 1975 and 1976 by the Environmental Systems Corporation
were mainly of qualitative value, because the ground-level samplers were too

small in size and few in number and because stack and cooling tower contributions
could not be distinguished. Comparisons of model predictions to the 1976 field
data showed the ESC/Schrecker, Wigley-Slawson, Wolf I, Wolf II, and Overcamp-Israe
Models performing most favorably. Sections 3 and 4 provide additional perspective
on these results.

This validation work identified two important areas of needed model improvement.
They were:

1. use of a plume model which accounts for full vertical ambient pro-
files of environmental variables. The plume model should be vali-
dated with plume rise data from cooling towers. The Briggs-type
formulas are less desirable since (a) the formulas cannot account
for local variations in ambient profiles, and (b) the formulas are
developed from a theory which required special simplifications to
provide a closed-form solution.

2. preparation of predictions are based on 10-min. or 30-min. averages
of meteorological conditions. It has been common to average, say
4 hours of ambient conditions to provide one set of model input
conditions for a single run of the model. Such treatment does not
account for true ambient wind direction variations during a 4-hour
period. Model calculations for each of 24 10-min. sub-periods or
8 30-min. sub-periods with a summation of results for each sampler
provided a much closer representation of the actual distribution
of ground measurements.

This paper also identifies two drift modeling areas in particular which are
quite difficult to evaluate since specialized data are lacking. They are:
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The breakaway criterion is defined in many different ways, yet no
measurements are available to test alternative definitions. Com-
plexities involve simulating the turbulent buoyant environment of
the drop while in the plume and the effect of the wake of the tow-
er on the motion of the plume. Clearly, from Section 4, the models
were found to predict drop sizes upon deposition that were gen-
erally significantly larger than observed drop sizes. This sys-
tematic behavior implies that presently employed drop breakaway
criteria are not permitting small drops to break from the plume
early enough.

Droplet deposition in the presence of atmospheric turbulence should
account for the local evaporation occurring for the drop. The
models which account for atmospheric turbulence (Ballistic-Gaussian
Models)}, important for the smaller drops, do so with a formulation
that assumes a fixed drop size during dispersion. The deposition
formulations are taken from the air poliution literature; they
ignore local drop evaporation and attempt to correct this by using
the "average" drop size during fall. The value of this simplifica-
tion (made in all Ballistic-Gaussian models) is difficult to assess
We indeed can compare the various solutions of the convective-
diffusion equation used by the models (for fixed size particles)
and determine a superior formulation, yet the basic issue is the
validity of that convective-diffusion equation in the first place
in treating droplets which are evaporating as well as dispersing
due to ambient turbulence.
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EVALUATION OF THEORY AND PERFORMANCE OF SALT-DRIFT DEPOSITION
MODELS FOR NATURAL-DRAFT COOLING TOWERS

Anthony J. Policastro
e v Division of Environmental Impact Studies
Argonne National Laboratory
Argonne, IHinois

Marvin Breig*, Professor
Division of Environmental lmpact Studies
Argonne National Laboratory
Argonne, lllinois

ABSTRACT

Significant variability exists among the pre-
dictions of various mathematical models formulated
to predict drift-deposition patterns surrounding
large natural-draft cooling towers. This paper
provides insights into which of the alternative
formulations give the best results, although, in
comparisons with field data acquired recently at
the Chalk Point Power Plant, none of the existing
models performed well. Areas for future improve-
ment are identified.

NOMENCLATURE

A = a constant used in formulation of buoyancy
flux,

C = volumetric drop concentration,

D = diffusivity of water vapor in air,

f(Re,Pr) = ventilation factor,

Fo = initial buoyancy flux,

g = acceleration of gravity,

H = releast height,

i = Van't Hoff factor,

k = thermal conductivity of air,

Ky,Kz= eddy diffusivity for droplet transport,

L = latent heat of vaporization,

m = mass of solute in drop,

Mo = molecular weight of water,

M = molecular weight of salt,

p = pressure Or vapor pressure,

Pr = Prandtl number,

r = drop radius,

R, = tower radius,

*Permanent Address: Department of Physics, Eastern
Illinois University, Charleston, IL 61920,
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R = gas constant,

Re = Reynolds number,

Sc = Schmidt number,

T = temperature,r

U = wind speed,

Vd = deposition velocity,

VS = settling velocity,

X,Y¥,z= X downwind distance from tower; y lateral
distance from x axis; z.vertical distance
from ground,

Y = entrainment coefficient,

o = surface tension,

o = density,

w = mixing ratio,

Subscripts

o = at tower top,

Y = plume,

e = environment,

* = nondimensional value,

2 = liquid state,

v = vapor state.

INTROBUCTION

Drift refers to the small droplets of liquid
water released from a cooling tower along with the
warm, moist plume. These droplets, ranging in size
from a few to more than 1000um in diameter, are
transported through the atmosphere eventually evap-
orating totally or being deposited on the ground.
If the droplets contain large concentrations of dis-
solved solids, as is particularly the case when
brackish cooling water is used, then the drift
deposition can damage vegetation and/or accelerate
the corrosion and deterioration of structures.
Therefore, predictions of anticipated drift-deposi-



tion rates are essential to an informed estimate of
the environmental impact of a plant for which
cooling towers are planned.

Once emitted from the tower, a drift drop
moves under the combined influences of gravity and
the aerodynamic drag force produced by the vector
difference between the drop and local air velocities.
Simultaneously, the drop experiences both heat and
mass transfer. As a result, the drop temperature
will approach the local wet-bulb temperature and
evaporation will occur as long as the vapor pressure
at the drop surface exceeds that of the local
ambient. For a drop containing salt, evaporation
will increase the concentration within the drop and
thus lower the vapor pressure at the drop's surface.
The salt concentration will continue to increase
until either (a) the droplet vapor pressure exactly
equals that of the local ambient after which evapo-
ration will cease or (b) the salt becomes saturated
within the drop after which salt particles will
begin to precipitate out as evaporation proceeds.
In the latter case, the drop will eventually become
a dry particle, although it may strike the ground
before reaching its final state. The purpose of a
drift model, then, is to predict the number, size,
and character of drops and/or particles striking
the ground at any given location with respect to
the emitting tower.

Numerous mathematical models have been formu-
lated to predict drift plumes and drift-deposition
patterns. However, the limits of reliability of
these models is largely unknown since different
models, even models that are conceptually similar,
can give vastly different predictions of deposition
rates. This paper provides a perspective on this
issue by (1) reviewing altermative formulations to
determine the level of approximation in each of the
physical treatments; (2) determing the sensitivity
of model predictions to differing assumptions and
to changes in the input data; and (3) comparing
model predictions with field data taken at the
Chalk Point Power Plant located on the saline
Patuxent River in Maryland.

LVALUATION OF MODEL FORMULATIONS

The features of the 11 models (1-9) considered
in this paper are summarized in Table 1. Here, the
models are divided according to whether their basic
approach is ballistic, Gaussian, or ballistic-
Gaussian. A model is classed as ballistic if only
the influences of a steady wind, the plume updraft
and the acceleration of gravity are considered. 1In
contrast, Gaussian models treat the drift droplet
concentration as a continuous variable satisfying a
convective-diffusion conservation equation. Models
are said to be ballistic-Gaussian if they combine a
deterministic analysis of drop settling and ad-
vection by the wind with a Gaussian plume model to
account for dispersion by ambient turbulence.

For convenience in discussion, the usual drift
model can be broken down into four basic submodels
which are labelled plume rise, breakaway, evapora-
tion, and deposition in Table 1. We shall consider
each of these individually.

Plume Rise

Predictions of plume dispersion are important
in the calculation of drop dynamics, since a
droplet's behavior depends on the local velocity,
temperature and humidity fields which the drop
encounters during its lifetime. Most models employ

L w

the Briggs plume rise formula (10) as modified by
Hanna (15) for the prediction of plume trajectory
and maximm plume rise. The Briggs formulae are an
approximation to the closed-form solution of in-
tegral conservation equations, assuming that the
plume moves horizontally at a vertically uniform
wind speed and that the initial vertical velocity
and initial plume radius are both zero. The Over-
camp-Israel model employs a similar closed-form
entrainment model for plume rise with a major
difference being that the tower is a finite source
of buoyancy and momentun rather than a point source
of buoyancy as assumed by Briggs. Hanna, in his own
drift model, employs different formulations of the
Briggs theory for the calculation of different plume
characteristics (see Table 1). In each of the above
plume-rise treatments in the drift models, the
atmosphere is assumed to have a uniform temperature
gradient and the wind is idealized as uniform over
the height of the plume. The key parameter in the
Briggs/ Hanna-type analyses is the initial buoyancy
flux Fo’ which in general form can be written as

. 2 _ R
Fo = g Ry Wo (T Teo)/Tpo * AL (wp, weo)/Tpo
where R is the tower exit radius, W_ is the plume

exit velocity,
ature (at tower

T_ . is the ambient dry-bulb temper-
%Sp), L is the latent heat of
vaporization, w__ is the plume exit mixing ratio,

is the ambiBRt mixing ratio (at tower top), T
iS"the plume exit temperature, and A is a constant?
The first term represents the sensible heat com-
ponent of the buoyancy flux, whereas the second term
represents the latent heat contribution. In the
drift models, three distinct interpretations are
employed as follows:

a) A=0and T__ taken to be the dry-bulb tem-
perature atPBxit. This method, yielding the
lowest value of F_, is that appropriate to
dry plumes for which the Briggs formulae
were originally developed. (The Hosler-
Pena-Pena model uses this formulation).
A=0and T _ taken to be the virtual temper-
ature of the plume at exit. This approach
which represents an attempt to account for
the smaller molecular weight of water vapor
relative to dry air gives an increased value
of F_over (a) above. (The ORFAD, Wolf I,
11, Hanna and Overcamp-Israel models use
this formulation).

A # 0 and T _ defined as the dry-bulb tem-
perature ofPPhe plume at exit. This form
gives too much buoyancy since the latent
heat sontent of the plume is assumed to con-
tribute fully to the buoyancy flux. (The
MRI model uses this formulation with A = 1).

One major problem in the use of the Briggs/
Hanna-type formulae is that their simplicity requires
much schematization of the ambient atmosphere in
terms of temperature, humidity, and wind speed. The
vertical variation in these quantities is often an
important factor in determining plume characteristics,
Even if one uses a vertical average over the height
of the plume, such an average is difficult to cal-
culate since the height of the plume is not known,

a priori. Iterative schemes in which the plume
eights and vertical averages are alternately cal-
culated do not always converge.

A second problem of the Briggs/Hanna-type
plume rise formulae is that the familiar ''2/3-law"
leads to an infinite updraft velocity at the tower.
This singularity is due to the assumption that the

b)
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tower is a point source. One can avoid this dif-
ficulty by using the more complete expression

2,2/3
Ny = (g + Fag xa)/ (1 + Wao xs + Fro )Y/

where Wy = 3y W/U, Fyo = 3y FO/U3 Ro, X% = XR _,
and W is the updraft velocity, U is the ambien?
wind speed, x is downwind distance, R is the tower
exit radius and y is the entrainment coefficient.
Here, the tower is assumed to be a finite source of
both momentum and buoyancy. Since Fyio is typically
large, the above expression will quickly approach
the value given by the 2/3-law for xx > 0.

Two of the 11 drift models (Wigley-Slawson and
ESC/Schrecker) numerically solve integral con-
servation equations for momentum and vapor rather
than relying on formulae of the Briggs/Hanna type
in an attempt to obtain a more accurate prediction
of plume centerline trajectory and radius. Plume
predictions such as these that can account for the
vertical inhomogeneities of the atmosphere are
generally preferred, although the Briggs equations
do have the advantage of having been calibrated
against dry plume data.

Breakaway
Droplets emitted from the tower initially move

within the plume but eventually leave the plume in-
fluence and move in very nearly ambient air.
Although it is not presently known exactly how this
transition occurs, the usual treatment is to assume
that the drift droplets are contained 'within the
plume' until a certain criterion, called the "break-
away criterion', indicates that they have 'broken
free' and are traveling through ambient air.

Within this conceptualization, three major criteria
are used to indicate drop breakaway as follows:

a) A drop breaks free when the updraft velocity
at the plume centerline reduces to the drop
settling velocity.

b) A drop breaks free when it has fallen, as a
result of its settling velocity, a vertical
distance below the centerline equal to the
local plume radius.

c) A drop breaks free when its horizontal dis-
placement - from the plume centerline equals
the initial plume radius.

In reality, breakaway is a very difficult
problem. First, because drop settling velocities
are low relative to the windspeed, small uncertain-
ties in the droplet release height translate into
very large differences in the deposition distance.
Moreover, since the drops are typically evaporating
as they fall, the type of drop strikingsthe ground
will be incorrectly predicted if the breakaway
height is wrong. The treatment of breakaway is an
important area for model improvement; however,
there do not appear to be any clearly superior
formulations at this time.

Evaporation
As a drift droplet moves first within the

plume and then within the ambient, it experiences
heat and mass transfer by virtue of vapor con-
centration and temperature differences between the
drop surface and the local environment. Table 2
gives the three evaporation equations most commonly
used.

The Froessling equation (16) applies to
droplet evaporation in an unsaturated atmosphere
where the droplet temperature is approximately
represented by the local ambient wet-bulb tempera-

B

ture. The Fletcher (17) and Mason (18) equations
were developed for and are thus applicable to drop
formation inside clouds. As a result, these equa-
tions were obtained under the assumptions of a very
nearly saturated ambient and a small salt concentra-
tion within the drop. These assumptions are un-
realistic for drift drops which usually move through
subsaturated ambients and which often evaporate to
dry particles or saturated-solution drops. Ad-
ditional simplifications are made in the use of
these equations by individual drift models. For
example, several models ignore the temperature
dependence of the transport and material properties
(density, viscosity, etc.). Our experience is that
this omission can lead to poor predictions of
evaporation rates (all else being equal), partic-
ularly in the case of the mass diffusivity.

Three of the models considered here (Hosler,
Pena, and Pena; ORFAD; and MRI) use the concept of
equilibrium height as put forth by Hosler, Pena, anc
Pena to avoid a step-by-step numerical integration
of the evaporation equation. Hosler, et al.,
integrated the approximation equations of Fletcher
(17) for four different drop sizes, four different
relative humidities and eight different ambient
temperatures. These results were then summarized ir
terms of the equilibrium height h_, which is definec
as the height that a droplet falls before reaching
its final radius. In the application of these re-
sults, the drop is assumed to decelerate uniformly
from its initial settling velocity to its final
velocity over a height of h_. Under this assump-
tion, the drop lifetime can®be computed from simple
kinematics and the downwind distance to deposition
calculated as the product of that time with the winc
speed. The advantage of this approach is that
numerical calculations are simplified to the point
at which they can be carried out by hand. It is
doubtful whether the accuracy loss is justified,
however, since computer codes are generally used in
practice to make drift deposition calculations.

In order to calculate h_, it is necessary to
first determine the final drop disposition. Since
tne equilibrium relative humidity over saturated
aqueous sodium chloride solution is roughly 76
percent, drops will eventually become dry salt
particles in atmospheres of relative humidity less
than this value. At relative humidities above 76
percent, the drop will evaporate (or acquire liquid
water) until its vapor pressure (governed by its
salt concentration) equals the ambient value. Since
a drop may not have reached its equilibrium state
before deposition, Hosler, Pena, and Pena give the
following suggestions for use in practical cal-
culations.

a) At ambient relative humidities above 90 per-
cent, consider that the drop does not evapo
ate at all.

b) At ambient relative humidities below 90 per-
cent but above 65 percent, consider that the
drop is saturated solution at final velocit

c) At ambient relative humidities below 65 per
cent, consider that the drop becomes a dry
salt particle.

Clearly, these categories are only approximate.

We developed a computer code to independently
confirm Hosler's calculations of h_, from which we
found ©

a) ‘The criterion one uses to cut off the inte-
gration is important in the determination o
h_. We chose the equilibrium height to be
the actual droplet fall distance when it
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Table 1 Summary of Drift Model Formulations

MODEL PLUIME RISE BREAKAWAY EVAPORATION DEPOSITION
saturated
tempera- solution
ture depend- time drops and
formula- buoyancy ent coef- solute dependent dry parti- formu-
tion flux ficients? effects aspect cles? lation
Ballistic
&
Hosler, Briggs Sensible Attt Yes nsa’ h, concept Yes uniform
Pena and (10) over sector
Pena (1) average
ORFAD Briggs Sensible- none No psa’ h_ concept Yes "
(2) (10) virtual €
uniform
Wolf I Briggs Sensible- C No evaporation assumed| over sector of
(3 (10) virtual size dependent
on wind direction|
Wolf Il Briggs Sensible- C Yes No interpola- No variation
(3) (10) virtual tion of
Beard-
Pruppacher
tables (14)
Slinn I None - at No evaporation assumed uniform
4) tower over sector
average
Hanna Brigps* Sensible- B \o Yes direct in- Yes "
(5) virtual ) tegration
Wigley- Wigley- - B Xo No direct in- No "
Slawson Slawson tegration
(6) (12)
MRI (7) Briggs Sensible + A No psa’ he concept Yes "
(10} latent
Gaussian
Slinn 11 - - at max No No instanta- dry par- source-
(4) plume neous ticles image
rise{500m) only
Ballistitc-
Gaussian
ESC/ Winiarski- - A some Yes direct in- Yes source
Schrecker Frick (13) tegration only
(8)
Overcamp- Simple Sensible- A No Yes direct in- saturated i:'nage deple-
Israel (9) closed-form | virtual tegration solution tion
integral drops
entrainment only
model
(assuming )
finite
source)JrT
* Briggs 2/3 law (tower is point source of buoyancy) is used to determine downwind location of maximm plume rise but
the formulation treating the importance of momentum and buoyancy (tower is peint source of momentum and buoyancy)
in the near-field plume is used to calculate centerline trajectory and upward velocity at the centerline (11). Plume
radial growth used for drop breakaway is calculated assuming the tower is a finite source of buoyancy.
+ Dilute solution approximation (DSA) assumes that the solute mass is much less than the droplet mass (See Table 2).
tt The maximum plume rise is calculated from (a) Briggs' neutral stability formula (10) for neutral and unstable con-
ditions. or (b) the maximum of Briggs' neutral and stable condition formula (10) when stable ambient conditions
occur.
ttt Categories A, B, and C for breakaway are discussed in text.
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differs by more than 2% from the product of

the total time of evaporation and the Table 2 Droplet tvaporation Fquation from
average fall velocity. This definition Fréessiing, Fletcher, and Mason
represents the philosophy of approximating

the settling velocity versus fall heiqht Froessling 110]:_ . ‘used in the_l!unnu, Wigley-Slawson, and

N N . R I chrecker drift models
curve by two straight line segments. We N Py
found that different ''reasonable" choices r%% =t (55— f(Re,Pr)
for cutting off the direct integration of derehor (171- 4 o . )

" N . . Fletcher (17): ... used in the he concept by Hoster, Pena, and
the evaporation equation could give dif- Pena: ORFAD; and MRI drift models 3
ferences in h of up to 100 percent. ae gy Pa P L0 L7 o, M f(Re,Sc)

o : LA b ke, s im0

b} The Hosler graph for he was not entirely ac- dE = Sy A e, R T2 % f(Re,Pr)

curate since the time Step used by Hosler,
" . ; R -
Pena, dnd Pena ln.thEIr integration of the Mason (181: ... used in the Overcamp-lsrael drift model
evaporation equation was too large. Our cal-
culations in double precision arithmetic and fiRe,Pr)

with very small time steps indicated that the dr_
correct h_is typically 27 percent larger than
the publighed results.

c) Hosler's assumption that the same temperature
correction factors apply for any relative hu-
midity and initial drop size was not totally
correct. Differences to 20 percent were

found twhere p denotes saturation vapor pressure)
d) The dilute solution approximation is adequate . LN STmM Ty
only at lower relative humidities, where the L Ly RT(r’) SN (,-‘f
Fletcher equation itself is suspect.
e) The h_ concept does not allow for vertical (Dilute Solution Approximation)

variafion in ambient relative humidity and

tcmperature which can produce errors in pre- In the Froessling equation, the drop temperature is represented

by the ambient wet-bulb temperature while in the Fletcher and

dictions of drop evaporation. Direct inte- Mason equations, the drop temperature is taken to be the ambient
gration of the evaporation equation for each dry-bulb temperature. ilowever, in the Hanna and Wigley-Slawson

. el - application of the Froessling equation, the drop temperature was
droplet can edSlly treat the effects of an in- taken to be the ambient dry-bulb temperature.

homogeneous environment.

Our calculations of h_ (at 20C) given in Table
3 were ohtained using a time step of 0.1 sec which
is small enough to provide a time-step-size inde-
pendent solution of the evaporation equation. Also
given in Table 3 are h_ values obtained using the and Pena; ORFAD; and MRI Model with h_ from
interpolating formulae of the ORFAD and MRI models. N

In order to better define the differences among
the various formulations For evaporation and settling, done at 20 C with € = (.05 g/g)
we developed a computer code to determine the
trajectory of -a drop released from a given height as

Table 3 Comparison of he obtained from Hosler, Pena

the Corrected Calculations (all calculations

predicted by each of the models under consideration. Qi r‘)’,‘(‘)‘)};: he h, h, h, :
As a standard case, we chose a release height of %) RS (IPP) (OREAD)  (MRI) (HPP')+ (;r.?f
200m, a uniform wind speed of 4 m/s, a relative () (m) ) m(m)
hunidity of 70 percent, an ambient temperature of _
10C and an initial salt concentration of 0.005 g- 50 % e T 20 14 21
NaCl/g-sqlt_xtion. From this standard case, each of o0 ‘83 ‘Iu’)g »136: 1;13 1%23 R
the significant parameters could be varied. 00 2200 2379 295 2640 i
The results of the standard case prediction are _ i B
given in Fig. 1. Plotted on the z axis is height 0 ar o o s »
above the ground. The x axis corresponds to the 100 10 38 36 50 0
downwind distance and the curves represent droplet 0 ;88 égg ;‘355’ 225 347 31
trajectories as predicted by the various models. ’ 0 ese 912 -
Note that large differences exist in the models' T " N -
predictions of final deposition distance. Note also e o 23 .
that each trajectory can be divided into two parts-- 0 200 170 13 129 27 3
the first encompassing evaporation of the droplet to 300 00405 374 570 29
final size, and the second encompassing transport at N -
final size, with no evaporation. Since no evap- 50 A 2 2 3 33
oration occurs in the second segment, drop transport [ N S Ny b
follows a straight line of slope V_/U where V_ is 300 300 280 5y 502 4
the final droplet settling velocity. It can be seen - — B
that the Hanna drop evaporates most rapidly for
this case. An interesting feature here is that if ’L\tm[;ol-."n(ion neccss;; from graph of h_ from Hosler,
all models had employed the same formula for final Pena, and Pena. ’ €
settling velocity (dry particle: Hanna, GWP' = 1PP-corrected
ESC/Schrecker; saturated droplet: Overcamp-Israel,
1PP), those straight line segments would be parallel. Frvor = {ihypp - gy 1/ g dypps -

Clearly, they are not; this is a result of the

2-8



wo  amo

100
r

s
~N
°
4
e
&
o
L] T T T T T T ¥ a—
0-0 *S 50 18 00 12-8 15-0 178 »0
X (i)
Fig. 1 Comparison of evaporation predictions for

five drift deposition models for standard
case

different expressions employed for settling velocity
of saturated drops and dry particles used in the
models. Notably, evaporation is completed rather
rapidly--within the first 70m of fall.

Another interesting feature is that although
the drop spends much of its time in its final
state, the vertical position of the droplet when it
first reaches final size is important in determining
the final horizontal deposition distance. An
example is the comparison of the HPP and Overcamp-
Israel model predictions of final deposition
distance (HPP: 6.2 km, O/1: 8.lkm). Although
each predicts evaporation to a saturated drop, the
height of fall to saturation of the 0/I drop is 48m
while HPP predicts 66m. The difference in vertical
height may appear small but it produces a difference
in deposition distance of 1.9km. The large distance
separating the HPP and O/I drops on the ground is
the result of the large ratio of wind speed to
saturation drop settling velocity acting on the 0/I
drop after the HPP drop has struck the ground. The
difference in deposition distance becomes even more
significant when dry particles are formed in the
evaporation process. Thus, the vertical position
of the droplet when evaporation is completed is
very important in determining the downwind deposition
distance. The need for accuracy in droplet evapora-
tion rates is underscored by the above example.

Two areas thus seem very important in defining
final drop variables (deposition distance, final
diameter, and deposition velocity).

1. Droplet position and size at the end of drop-

let evaporation and

2. Droplet settling velocity during transport

at final size.
The above observations on Case 1 apply to the other
test cases as well.

Although Fig. 1 presents the results of droplet
evaporation and kinematics for an emission height
of 200m, the figure itself can be viewed as a
sensitivity study to height of emission. For
example, for a 50m height of emission, one simply
views the vertical region from 200m to 150m.
Deposition distances, diameters, and settling
velocities are those at the 150m level (50m of
fall). .

The results of our study of evaporation formu-
lations can be briefly summarized as follows:

+
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a) The effect of increasing the salt concen-
tration by a factor of 10 is to decrease the
deposition distance by about four-fold and
approximately double the final drop size.

The relative distances to deposition among
the models is altered, however, since assump-
tions on the final fate of the droplets dif-
fer. A wide variation in final drop diameter
was noted.

b) Initial diameter has very significant effects.

For the 1000um drop, settling dominates over

evaporation. As a result, the variation among

model predictions is small and deposition is
very close to the tower. For small drops in
which evaporation is important, there are wide
variations in final diameters and deposition
distances. The final size of the droplet de-
pends on whether the model considers the final
fate to be a dry particle or a saturated solu-
tion droplet. Smaller droplets fall further
from the tower due not only to their smaller
initial settling velocity but also because the

dry particle formed is smaller and thus has a

lower settling velocity.

At relative humidities below 50 percent, model

predictions are fairly insensitive to changes

in humidity. At relative humidities above
about 70 percent, predictions were seen to be
quite sensitive; a'wide variation in final
droplet size was also seen.
d) Larger ambient temperatures produce greater
distances to evaporation. This is due to the
. effects of temperature on saturation vapor
pressure at the drop surface. Models that in-
clude the temperature dependency of the trans-
port properties showed even greater variation.
It can be concluded that there are significant
variations in models' predictions for identical con-
ditions and also with changes in input quantities.

This suggests that a deeper look into the physics of

an evaporating drop in a unsaturated atmosphere is

warranted. Comparisons of these models to one de-
veloped on a more fundamental basis would be useful

to determine to what extent these simple models are

valid and which one(s) perhaps is most accurate. An

important and basic unknown is the evaporation rate
and final character of large salt-containing droplets
in an unsaturated atmosphere. A number of drift
models use evaporation submodels based on evapora-
tion formulae taken from cloud physics. These
formulas are best applied to predict evaporation (or
growth) rates for small droplets of very small

solute content in a nearly saturated ambient en-

vironment. The validity of these cloud physics

formulae as applied to drift drops needs to be
ascertained.

~—

C

Ambient Turbulence and Ground Deposition

A ballistic model typically assumes that the
total mass emitted within a given droplet size range
is uniformly deposited over an area on the ground
formed by the intersection of a pie-shaped section
(usually 22 1/2 degrees) centered about the wind
direction and an annulus of inner and outer radii
equal to the distances to deposition of the largest
and smallest drops of that size range, respectively.
Since the drop size ranges do not overlap, only one
drop size strikes any single point on the ground.
In reality, there is a wide variation in drop
deposition sizes striking any given location because
drift droplets are subject to the effects of local
turbulence (plume and or atmosphere). Models that




consider such stochastic effects generally do so
only after breakaway ignoring the dispersion effects
of turbulence while the droplet is still within the
plume itself.

One method used to handle atmospheric turbulence
effects is based on solution of the convective-dif-
fusion equation for the drop concentration C,
assuming all drops of a given size are emitted from

the point of breakaway. Thus,
9C _ 3 3C 3 3C 3C
U oz Ko 59 Y57y K 59 * Vs 57

+ Qo §(x,y,z - H)

where and K, are coefficients of eddy diffusivity
in the ¥- and Z-directions, respectively; U is the
wind speed; V_ is the drop settling velocity; and

is the drift rate. The usual boundary conditions
ate: C+0asy>+=andasz~>¢eandV,C=V_C
+ K (3C/3z) at z = 0, where V, is the dgpositisn
velocity. This equation has begn solved by various
analytical means under certain restrictions. For
example, Ermak (22) gives the solution under the
assumption that U, V_, and V, are constants. Horst
(23) gives the solution for ﬂ constant and V_= 0.

Slinn has developed a model intended tosgive a
conservative estimate of the distance to deposition
for any given droplet size. All drops are in-
stantanecusly evaporated to dry particles and then
followed by a Gaussian plume model. The Slinn
approach may be characterized as a source-image
method since it builds on the solution of the
convective-diffusion equation which can be gotten
by the method of images when V_ =V, = 0 and U is
constant. This modified solution sgtisfies the
convective-diffusion equation for V_ constant but
does not satisfy the appropriate bolindary condition
at the ground. As a result, mass is not conserved
in that total deposition at all downwind locations
is not equal to the salt release rate.

Overcanp and Israel (9) build on the work of
Csanady (24) in which an image-depletion approach
is used. This-approach utilizes an approximate
solution of the convective-diffusion equation to
which an x-dependent multiplier of the image term
is added. Overcamp (19) states that this approach
satisfies conservation of mass, although this
statement is based on runs of the computer model
rather than on an analytical result. The solution
does not satisfy the convective-diffusion equation,
however.

The approach taken in the development of the
ESC/Schrecker model may be termed a source-only
method since only the source term of the solution
to the convective-diffusion equation is used. This
leads to the result that the deposition velocity
varies with downwind distance in an arbitrary way.
In fact, the deposition velocity will eventually
become negative unless do_/dx = 0. To prevent
negative deposition, the Esc/schrecker model forces
a constant o_ from the point at which negative
deposition whuld otherwise occur.

These three approaches certainly represent
approximate solutions of the true convective-
diffusion problem; however, the level of approxi-
mation is not well known at this time. The treat-
ment of deposition appears to us to be an important
one and one that warrants further investigation.

(HALK POINT SALT DRIFT DATA

The drift data (21) used herein for model vali-
dation were all acquired at the Chalk Point natural-
draft cooling tower located on the Patuxent River,
approximately 64km southeast of Washington, D.C.

The tower at the Chalk Point site is 124m high and
has a circulating water flow of 300,000 gpm. Salt
droplets are also emitted from the 217m high power
plant stack, located 138m to the east of the cooling
tower, due to the use of salt water in the scrubber
system. The data used in this paper were taken in
June, 1976, by Environmental Systems Corporation;
ambient meteorological measurements were made by the
Applied Physics Laboratory of the Johns Hopkins
University.

Drift rates from the cooling tower were deter-
mined using an instrument package suspended in a
plane approximately 13.6m below the tower exit. The
following measurements were made in this manner:

a) The drift droplet size spectrum was measured
using sensitive paper and with a device based
on scattering of infrared laser light
(PILLS II-A, Particle Instrumentation by
Laser Light Scattering).

b) The drift mineral mass flux was measured with
a heated glass bead isokinetic (IK) sampling
system.

c) The updraft air velocity (from which droplet
velocity was determined) was measured using a
Gill propeller-type anemometer.

d) The dry-bulb and wet-bulb exit temperatures
of the plume were also measured.

The IK system sampled continuously during the traverse
and yielded the sodium and magnesium mineral flux at
the méasurement plane. Updraft air velocities were
acquired and averaged for each point. Grab samples
of circulating water were also taken for chemical
analysis of sodium and magnesium content. These two
cations, which are present in the highest amounts in
the water, were chosen as tracer elements for the IK
measurements., Similar source measurements were made
for the stack on two dates.

Ambient meteorological measurements were made
using the Chalk Point 100m instrument tower which
has wind and temperature instruments at three levels
(7m, 50m, and 92m) and dew point sensors at two
levels (7m and 92m). Half-hour averages of dry-bulb
and dew-point temperature and wind speed were taken.
To supplement the meteorological-tower measurements,
rawinsonde flights were conducted at intervals of 1
to 2 hours in order to establish the short-term
history of diurnal stability characteristics.
Measurements of pressure (elevation), dry-bulb
temperature, relative humidity, and wind speed
(direction) were typically made every 10 to 20m
vertically.

Concurrent with the sampling of drift releases
from the cooling tower and stack, measurements of a
number of drift parameters were made at ground level
downwind of the cooling tower. Typically, four or
five stations were used to measure the following
ground-level drift quantities. 3

1. Sodium concentration in the air (ug-Na/m™)
using a rotating tungsten mesh.

2. Liquid droplet concengration as a function of
droplet size (g—HQO/m } using a rotating
sensitive paper disk.

3. Liquid droplet deposition flux as a function
of droplet size (kg-H,O0/km“-month) using a
stationary sensitive paper disk. 2

4, Sodium mass deposition flux (kg-Na/km”-month)
using a stationary funnel and bottle assembly.



Some ground-level stations were fixed in location
and thus received drift only when the wind was
blowing in the proper direction. Other stations
were located beneath the cooling tower plume, being
moved as the wind direction changed. For the
purpose of model-data comparisons, we used the
droplet mumber deposition flux measurements obtained
using sensitive paper disks fixed to a petri dish.
Droplet stains on the sensitive papers were first
sized and counted and then the stain sizes were
converted to droplet sizes using calibration data.
Only drops greater than 100um were considered in our
model/data comparisons. In this way, we hoped to
sidestep the difficult problem of accounting for
blowout from the bottom of the cooling tower and
sizing the small drops that result.

In order to place the reliability and quality
of the data in better perspective, some of the
difficulties encountered in acquiring the above
drift data and some of the important questions that
remain about the data will now be discussed.

i) The ground-level drift data include salt
deposition originating from the power plant
stack scrubber system and from the salt mist
produced by the nearby Patuxent River.
Although the water emission rate is eight
times larger from the tower than from
the stack, the salt emission from the
tower is about 20 percent less than that
from the stack. Dependent upon the lo-
cation of the ground sampler with respect
to the tower and stack, the stack may be
a significant contribution to the droplet
number deposition flux measurements. The
problem of background contributions is
compounded by the high efficiency of the
drift eliminators at Chalk Point which
limit the drift rate to 0.000717 percent
of the cooling water flow rate in summer
and 0.00035 percent in winter.

ii) The ground-level sensors employed by’ ESC were
small in size and few in number. Questions
as to statistical accuracy of the data arise
“since only small numbers of drops typically
strike any given sampler. Larger numbers of
samplers and samplers of much greater area
can overcome this problem but greatly increase
the cost of data reduction. A related
problem is the statistical accuracy of
droplet measurements in the cooling tower
and stack for the larger drop sizes. A
smaller number of such drops are actually
observed yet these larger drops impact close
‘to the tower where ESC has most of their
ground samplers located.

iii) The time variation of ambient and tower con-
ditions makes a deterministic model simulation
difficult to validate. Detailed ambient pro-
files were made only hourly and the variable
meteorology (which we noted from the time-
dependent meteorological tower measurements)
certainly affects plume rise and the drift
deposition at any particular sampler location.

iv) The accuracy of the tower measurements is dif-
ficult to assess due to variations in the
measured variables (updraft velocity, tempera-
ture, droplet size spectrum, liquid mass f1-x,
etc.) with cross-tower location. Determina-
tions of mineral mass emission rate from the
IK measurements lead to values that are 2 to
4 times larger than those obtained if one in-

tegrates over the droplet size spectrum making
the traditional assumption that all drops
leave the tower with a solute concentration
equal to that of the basin water. Experi-
mental studies are being planned to determine
if the drops under 50 um (whose flux is dif-
ficult to measure with PILLS) contain a larger
salt concentration than the basin water due to
evaporation while in the tower.
Only further study can determine the significance
of the above problems and the accuracy of the drift
data.

MODEL VALIDATION

Drift predictions from the cooling tower were
made for each of the models listed in Table 1 for
seven dates in June, 1976. For two of those dates
(June 22 and 23) source measurements were also made
for the stack from which we also prepared drift pre-
dictions. Magnitudes of the ambient parameters
measured at the 92m level of the meteorological
tower were used as input to the models. The tower
is located on a hill so that the 92m height is
actually at the same horizontal plane as the tower
top. Temperature lapse rates were determined from a
best fit to the nearest (in time) rawinsonde temper-
ature profile. Calculations of ground-level drift
were made for each half-hour time period for which
meteorological conditions were reported. These

“results were then summed over the several hours that

ground-level measurements were made. For the one
model that utilizes full ambient profiles (Wigley-
Slawson), the rawinsonde profiles were used. Liquid
mass emission from the tower (determined from PILLS-
11) was used to obtain the drift rate instead of
mineral mass emission given by the IK sampler,
following the recommendation of ESC.

Table 4 summarizes the model/data comparisons
for the seven sets of data and the 11 models. The
ORFAD predictions are omitted because of several
errors in the computer program provided to us by the
model developers.

The model/data comparisons given in Table 4
support the following observations.

1. A number of comparisons show observed drift

where none is predicted (June 18 a.m. and
June 19, for example). For these cases, the
22 1/2-degree sector about the mean wind
direction does not usually include any
ground-level sensor during any half-hour
period of meteorological observations.

The cause of zero-prediction non-zero-meas-
urement discrepancy is most likely due.to
either (a) a large standard deviation of
wind direction for each half-hour meteoro-
logical observation period leading to a
wider lateral dispersion than given

by a 22 1/2 sector, or (b) the sometimes
large vertical variation in the wind
direction. This variation is sometimes
larger than 22 1/2 degrees at the 92m
level. None of the models consider var-
iation of wind direction with height.

2. Most models show a large number (typically 50
percent) of predictions to be complete
misses; that is, as in (1) above or the pre-
dicted number deposition is in error by a fac-
tor of 10 or more.

3. The models, in general, performed better
for the two dates when stack and cooling
tower contributions were predicted and



Table 4 Comparison of Predicted and Observed Ground-Level
Drift Deposition for the Chalk Point Power Plant

Sampler 6-17 {Cooling Tower)
# Orops/m’-br. -- 22.5° sector
pistance Dir- 085. 1 2 3 [ $ s 7 8 9 10
(w)
20 213 1640 1952 1851 1120 4386 16603 O 4004 3634 2216 2549
610 22t 605 10 B69 1071 451 249940 O 3379 652 72 619
60 21 288 28 98 1422 %A 32000 0 4777 NS 120 670
40 23 M9 28 438 87 1200 252430 0 N9 S48 120 64
870 20 34 22 1S 19 761 150430 O 13650 525 172 300
Sampler 6-18 A.K. (Cooling Tower)
: # Orops/aletr, -- 22.5° sector
1:3-»- oir. OBS. 1 2 3 4 s 6 7 8 ¢ 10
%0 22 212 0 0 0 ° K] () o 0o
610 229 2% 0 0 0 0 00 [} [
60 212 4300 0 0 0 1092 0 0 428 799 0 0
740 208 2007 35 196 20 344 52171 O SN0 754 49 A2
140 203 3552 63 406 123 144 82387 O 14390 576 5673 645
Saspler 6-18 P.K. {Cooling Tower)
¥ Drops/a’-hr. - 22.5° sector
Distance Dir.| 0BS. 1 2 3 4 5 6 7 8 9 10
(m)
20 170 294 74 158 2182 59 0 134 132 482 149
300 149 333 W1 566 2327 3008 0 2128 1403 1470 423
Totals 2016 314 124 368 2256 881 0 1160 786 990 290
380 183 4 8 5 0 258 0 345 27 63 2
460 51 19 158 524 2120 4725 0 2519 1592 2726 468
Totals 616 108 89 284 1110 2663 0 1548 983 1497 262
s20 18‘1' 9 20 22 L] nes o S8 293 202 40
590 146 7% 317 128 0 12354 0 379 1460 2837 452
Totals 3% . »® 88 & 0 6044 O 1976 804 1348 219
7o 182 1 10 55 0 15329 0 923 195 177 18
870 165 ¢ 1 2 o 13 0 [ ¢ 10 3
Totals 03 1 7 3 0 9974 0 5% 126 139 13
990 182 [ 0 0 o 0 0 N8 73 L] 0
9% 167 2 o o [ 0 0 [ 0 [
Totals % © 0 .0 0 ¢ 0 693 38 o 0
Sampler 6-19 (Cooling Tower)
] Dropslnz-hr. -- 22.5° sector
pistance Dir. O0BS. 1 2 3 4 5 6 7 8 9 10
(m}
240 145 2600 905 754 563 753 12235 O 3545 2913 2885 5610
370 178 23713 0 0 0 635 [ 0 0 ° [
410 173 1820 0 0 0 1639 [} ° 0 [ [}
“o 183 3381 o 0o 0o o0 00 0 [} [} 0
460 1297 0 0 0 4k 00 [} [ 0 [}

Sampler 6-22 (Cooling Tower)
¥ Orops/m-nr. -- 22.5° sector
Bi?:a)nce Dir.  0BS. 1 2 3 4 5 6 7 ] 9 10
240 188 2927 1245 1587 4622 14565 0 8049 6935 3280 8212
3% 168 169 859 1089 1362 25581 0 5248 4366 3099 3425
550 182 407 958 431 2581 88808 0 7034 3415 3286 2903
570 196 41 282 94 75¢ 85329 O 3655 1024 1250 978
Totals 173 540 215 1414 86580 0 4870 1884 1982 1670
570 192 180 575 192 1073 96850 0 4142 1320 2041 1829
770 183 82 M 517 908 104490 0 5751 1017 1137 173
Sampler 6-22 (Stack)
# Drops/me-hr. -- 22.5% sector
Dit:;ue Dir. 0BS. 1 2 3 4 5 1] 7 8 10
270 157 176 135 454 0 47 0 90 B0 ane 3%
406 158 121 261 226 1] 39 0 157 47 Lt} 23
587 166 bl 0 o 0 o 0 1] 1] 0 0
563 180 386 741 498 481 4512 0 465 336 1021 168
. Totals 247 474 NS 308 2953 0 298 215 654 108
569 78 423 783 538 478 4580 0 45 268 1138 177
786 m a7 4% 197 % 13N 0 28 218 513 106
Sampler 6-22 (Cooling Tower and Stack)
¥ Drops/wi-hr. - 22.5% sector
N:::nce Dir. OBS. 1 2 3 4 5 6 7 8 9 10
[e0(270) 188{157) 1681 3103 1380 2041 4622 1504) O 8139 6870 3694 8248
[390{406)  188(168} 1286 290 1120 1315 1382 25972 0 4293 3820 3513 3448
I550{587) 182(166} 407 998 431 2581 88808 O 7034 3415 3286 2903
[570(568)  196{180) 427 100 592 1200 88941 O 4120 3380 2271 1146
Totals 1138 420 104} 534 “2 89533 0 5168 2099 2636 1778
E70(569) 192(178) 1026 612 1358 730 551 101430 O 4598 1077 3179 2006
P?O(HS) 183(173) 546 169 m 714 1003 105881 O 604 1080 1650 1279
Sampler 6-23 (Cooling Tower)
# Drops/m"~Mhr. -- 22.5° sector
pistance Dir.  0BS. 1 2 3 4 5 6 7 8 9 0
(m)
180 230 ] 0 0 0 [) 0 0 0
180 174 673 906 2150 6094 41365 0 4812 4068 1767 1679
Totals 318 428 1487 2874 19525 0 2271 1741 834 792
320 90 ] 0 [ 0 () 0 0 o
380 174 97 167 390 1399 276880 O 7660 1680 1582 1377
490 219 0 0 L] 0 ¢ 0 L] 0 0
Totals 49 B4 195 699 138440 0 3830 786 9 688
510 232 ] ] 0 0 [ ) 0 0 0
540 213 ] 0 [ o 0 0 0 9 0
40 173 18 195 0 2592 295840 0 9522 1962 N4 “
Totals 49 84 0 1112 126896 0 4084 842 135 189
540 173 1% 15 ] 0 159220 ©0 775 B80S 326 353
620 214 0 0 0 [ [} 0 0 0
Totals 8 18 0 0 82440 0 3995 "7 169 18
LEGEND
1. Hanna 6. Slinn II
2. Hosler,Pena,Pena 7. Wolf-I
3. Overcamp-Israel 8. Wolf-II
4, Wigley-Slawson 9. FESC/Schrecker
5. Slinn-I 10. MRI




Table 4 Comparison of Predicted and Observed Ground-Level Drift

Deposition for the Chalk Point Power Plant (Continued)

Sampler 6-23 (Stack)
¥ Drops/m’-hr. —- 22.5% sector
Di?sue Oir. OBS. 1 2 3 4 5 6 7 ] 9 10
127 180 5979 609 13 5380 663 0 654 506 1014 0
246 125 0 0 [ [ ] 0 0 [ 0
Totals 357 322 72840 3503 0 M5 2% S35 °
458 9 [ [ [} 0 [ [ [ [ °
427 155 840 1935 812 0 43802 0 1584 1422 4312 2008
427 204 0 [ 0 0 0 0 9 [ [ [
Totals 420 968 406 0 1% 0 792 7N 215 1004
L] 216 0 [ 0 ] e 0 [ ] [} [
491 19 [ [ [ 0 [ 0 0 [ 0
505 155 484 19 38 0 68 0 658 M3 1170 1207
Totals 208 609 166 0 5012 0 299 404 502 %18
584 160 530 224 1156 0 22120 0 M5 925 2739 452
565 202 0 0 ] 0 [ [ ° 0 [
Totals 274 1157 599 O 11453 © 526 473 W16 752
Sampler 6-24 (Cooling Tower)
# Drops/m -hr. -- 22.5% sector
Pistance Dir. 08S. 1 2 3 4 5 6 7 8 9 10
(m)
270 220 1866 0 "] 0 80 [ ) n 56 0 0
320 90 8956 0 0 0 0 s 0 Q 0 0 0
630 205 1333 41 117 205 145 40086 0 1784 350 1483 n
630 218 715 [ 0 o ¢ o 0 128 30 0 [
650 212 146 10 23 n oz 4993 0 508 112 344 “

supmed for comparison to the field data.

When samplers were located beneath the

cooling tower plume, the cooling tower pro-
vided the most predominant contribution to

the predicted number deposition flux. The
same applies to the samplers located beneath
the stack plume. Samplers located below the
edges of both the cooling tower and stack
plumes received significant contributions
from both sources in terms of model predic-
tions. .

Six models appear to be competitive in terms
of their predictive capability: ESC/Schrecker,
MRI, Overcamp and Israel, Wigley and Slawson,
and Wolf I, II. Two others--Hanna and Hosler,
Pena, and Pena--are often far from the data
and show a consistent tendency to underpredict
number deposition. Their performance improved,
however, in the cases where stack and tower
runs were made. Three others--Slinn I and II,
and ORFAD--performed very poorly. Although no
ORFAD predictions are presented here, our
study showed that it predicts too great a
deposition distance and that it uses several
unrealistic assumptions, e.g., drops never
break away from the updraft velocity of the
plume and only ground-level (not plume-level)
ambient conditions are used. Comments that
may be made about the performance of some of
the individual models are:

Wigley-Slawson--The model generally under-
pr%léts in the field cases where only cooling

Sampler 6-23 (Covling Tower and Stack)
# Drops/a’-hr. -- 22.5% sector
Di?t:nce Dir. 08s. 1 2 3 4 5 6 7 8 9 10
m
n80{127) 230(180) 5974 609 13 5380 6634 0 654 560 1014 []
180(246) 174{125) 673 906 3150 6054 41365 0 4812 4068 1767 1679
Totals 6127 3475 750 1494 5714 23028 O 2616 2037 1389 ~792
320(458) 90(91) 2982 [ 0 0 o [ I 1} 0 L] 0 4]
BE0(427)  174(155) 973 2102 1202 1399 320682 O 9244 3102 5894 3386
H90(427)  219(204) ] [} 0 0 00 0 [ 0 L]
Totals 120 469 1052 601 699 160341 0O 4622 1497 2947 1692
B10(411) 232(216) 0 [} [1] 0 0 [} 0 0 ]
F40(491)  213(196) ] o [ L] [ ] ] ] [] ¢
#40(505) 173{155) 598 1614 388 2592 307526 O 10220 2905 1484 1648
Totals 257 693 166 1112 131962 0 4383 1246 637 707
B40(584) 173(160) 546 2385 1156 ¢ 181340 ¢ 8730 1719 3065 1805
620{565)  214(202) 0 ] [ 0 0 0 [] [} ¢ ¢
Totals 37 282 1235 599 L] 93893 0 4521 890 1587 935
LEGEND
1. Hanna 6. Slinn II
2. Hosler,Pena,Pena 7. Wolf-I
3. Overcamp-Israel 8. Wolf-II
4. Wigley-Slawson 9. ESC/Schrecker
5. Slinn-I 10. MRI
tower drift predictions were made. Although

solute effects are not treated in the for-
mulation for droplet evaporation, the sam-
plers are close enough to the tower to permit
small times to deposition and thus less time
for evaporation to occur. The effect of
neglecting solute in the drop is thus not
shown to be very severe. As presently for-
mulated, the Wigley-Slawson model should,
however, generally overestimate evapora-

tion and yield longer downwind distances to
deposition for salt drops.
ESC/Schrecker--Although the model has a more
advanced treatment of plume rise and drop
evaporation than most other models, it con-
denses each drop size spectrum into exactly

8 bins. We found that this reduction in the
ranges of the spectrum from ~ 25 at Chalk
Point to 8 adversely affected the performance
of the model for these Chalk Point model/data
comparisons. Noticeably better predictions
resulted when the full spectrum was used for
Chalk Point (not shown).

Slinn I--The assumptions of no evaporation at
all and breakaway at the top of the tower lead
to a very large deposition near the tower and
low values far from the tower.

Slinn I1--The assumptions of complete evapora-
tion at tower exit and breakaway at maximum
plume rise lead to deposition much too far
from the tower. The models by Slinn were
developed to give inner and outer bounds to



deposition distance. These bounds are not
helpful in these particular cases, however.
Wolf I--The assumption of no evaporation leads
to a larger predicted number deposition near
the tower than is seen in the data. This
model is designed to give a conservative
estimate which, in fact, it does at these
short distances from the tower. At larger
distances from the tower than 1-2 km, the
assumption of no droplet evaporation should,
undoubtedly, begin to become a poor one.
Wolf II--This model also tends to overpredict
droplet number deposition flux. However,
farther from the tower, the neglect of solute
effects in droplet evaporation should yield
a more rapidly evaporating drop and deposition
distances that are too large.
MRI--The model apparently has several con-
servative and optimistic assumptions whose
effects offset cach other. The inclusion
of both sensible and latent heat components
in the calculation of the buoyancy flux in-
creases plume rise. The h_ errors (noted
earlier) are not apparent fiere since they
become less at ambient temperatures above 20 C
as in these June data. The MRI model
assumes a stable atmosphere independent of the
measured lapse rate. The lapse rate and
buoyancy flux assumptions appear to counter-
balance. We suspect that data sets with
ambient temperature below 20 C or with very
stable or unstable atmospheres would provide
a better test of the model.
Hanna--Model generally underpredicts deposition
perhaps due to an overestimation of evaporation
rates. The assumption of drop temperature
equal to ambient dry bulb rather than wet
bulb temperature will provide greater evapora-
tion than actually occurs.
1t should be noted that these data are not
sufficiently strong to allow absolute conclusions
about the models. The sensors used by LESC were too
few (4-5 in ne@ber for field survey) and rather
small (120 cm® each in area). Serious questions as
to statistical significance of the data arise since
only 10 to 50 droplets were typically obtained on
the sensitive papers over a four-hour period. 1In
spite of these shortcomings, these data are the
best available at present. More definitive conclu-
sions will be possible only upon the acquisition of
more high quality field data.
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Section 3

EVALUATION OF DROPLET EVAPORATION FORMULATIONS
EMPLOYED IN DRIFT DEPOSITION MODELS

This reprint provides special insight into the droplet evaporation formulations
used in the drift models tested in Sections 2 and 4.

Among the droplet evaporation treatments tested here, the use of the Mason formu-
lation was found to be the most correct and preferable to the Fletcher or the
Frossling equation in which the drop temperature is taken to be the ambient wet
bulb (ESC/Schrecker Model) or the ambient dry bulb temperature (Hanna, KUMULUS
Models). In all methods evaluated, the effect on drop evaporation of salt concen-
tration gradients in the drop is not treated. Without such treatment, evaporation
rates may be incorrectly computed and the final size of the droplet {after complete
evaporation) may be wrongly determined (see Section 5).

Also presented here is a determination of the range of differences among the
predictions of the evaporation models for typical drift drops. That evaluation
was carried out by means of a comparison of droplet trajectories predicted by the
models for a hypothetical case of a salt-containing drop released from a fixed
height. It was found that (a) significant differences can exist among model pre-
dictions of distance to deposition, final diameter and final settling velocity,
(b) these differences are generally smaller for the larger drop sizes, (c¢) model
predictions are quite sensitive to changes in relative humidity at the relative
humidities above 70%, but are fairly insensitive to changes below this value, (d)
larger ambient temperatures and lower drop salt concentrations lead to larger
distances to deposition.

It was found that initial drop diameter is the most important parameter in deter-
mining deposition history. Ambient relative humidity is important in determining
the final state of the smaller drops. General rules of thumb are provided for
extreme behaviors such as deposition with 1ittle evaporation and deposition after
near instantaneous evaporation. Based partly upon the results of this investigation
an impfoved droplet evaporation formulation was developed under this project and

is presented in Section 5.
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EVALUATION OF DROPLET EVAPORATION FORMULATIONS

EMPLOYED IN DRIFT DEPOSITION MODELS
William Dunn*
Bruce Boughton**
Anthony Policastro*#**

ABSTRACT

Six models commonly used to predict drift deposition from evaporative
natural-draft cooling towers are evaluated in terms of their formulation for
droplet evaporation. The fundamental theory of droplet evaporation in an
wnsaturated atmosphere is reviewed and the different treatments of evaporation
used by the models are compared with the exact formulation. The major dis-
crepancies arise due to approximations to the droplet temperature. The best
(nonexact) treatment of droplet evaporation of those tested is Mason's equatior
(employed in the Overcamp-Israel and Wigley-Slawson models) yielding differ-
ences from the exact solution which are generally less than 20%. The worst is
the case of the drop temperature taken equal to the ambient dry-bulb temper-
ature (employed in the Hanna drift model) yielding evaporation rates consis-
tently too large by about 130%.

To determine the range of differences between the predictions of the
evaporation models for drift drops, a comparison is made of droplet trajec-
tories as predicted by the models for a hypothetical case of a salt-containing
drop released from a fixed height. It was found that (a) significant dif-
ferences can exist among model predictions of distance to deposition, final
diameter and final settling velocity, (b) these differences are generally
smaller for the larger drop sizes, (c) model predictions are quite sensitive
to changes in relative humidity at the relative humidities above 70%, but are
fairly insensitive to changes below this value, (d) larger ambient temper-
atures and lower drop salt concentrations lead to larger distances to depo-

sition.

It was found that initial drop diameter is the most important parameter
in determining deposition history. Ambient relative humidity is important
in determining the final state of the smaller drops. General rules of thumb
are provided for extreme behaviors such as deposition with little evaporation
and deposition after near instantaneous evaporation.

NOMENCLATURE

coefficient dependent on temperature and relative humidity

coefficient dependent on salt concentration

A

droplet salt concentration

*Assistant Professor, Dept. of Mech. and Ind. Engr., Univ. of I1l., Urbana.
*%Research Assistant, Dept. of Mech. and Ind. Engr., Univ. of Il1., Urbana.
***Engineer, Div. of Envirommental Impact Studies, Argonne National Lab.
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C_ = specific heat of the drop fluid

éz,sat = saturated vapor concentration at ambient dry bulb temperature at T
C_ = ambient vapor concentration

D = coefficient of diffusion of water vapor in air

Do = jnitial drop diameter

hf = latent heat of vaporization of the drop

-

i van't Hoff factor

o
fl

thermal conductivity of air
mass of droplet

=
]

= molecular weight of water

= mass of salt in the drop

= molecular weight of salt

= Nusselt number based on diameter

~ g:az(;s dz

= droplet radius

Pr = Prandtl number

R = universal gas constant

Re = Reynolds number based on diameter
RH = ambient relative humidity (also A)
Sc = Schmidt number

Sh = Sherwood number based on diameter

ambient dry-bulb temperature

time ,

R TS,‘TWB, TDB = temperature: subscript B = bulk temperature, s = surface
temperature, WB = ambient wet bulb temperature and DB = ambient dry bulb
temperature.

, = ambient dry-bulb temperature

T
t
T

-3

= ambient wind speed
s < droplet settling velocity
= nondimensional drop/ambient vapor concentration difference

= ambient relative humidity (also RH)

> v o< O

INTRODUCTION

This paper compares and contrasts alternative formulations of the
droplet evaporation equations as related to the prediction of drift depositior
from cooling towers. The objectives of this study are to (1) Ascertain the
amount of variability among alternative formulations in an effort to under-
stand differences among model predictions; (2) Determine which aspects of
the formulation are most important in affecting deposition distance and
final state; and (3) Gain new insights into the role of evaporation in



determining deposition parameters as a first step toward model improvement.

The study is carried out by comparing predictions of 6 fornulations
extracted from currently available drift models. Although these models
share similar origins, the disparity between predictions can be great.

Thus, the differences must be attributed to differing implementations of th
same concept; i.e., to various simplifications and/or modifications intro-
duced by the developers of the drift model.

EVAPORATION FUNDAMENTALS
The basic equation of mass transfer from a drop surface is
g% = -shD(2m1) (C, - C,), (1)

where m is the drop mass, t is time, Sh is the Sherwood number, D is the co
efficient of diffusion of water vapor in air, r is the drop radius, C_ is
the vapor concentration at the drop surface and C_ is the ambient vapdr
concentration. Similarly, the basic equation of heat transfer is
dT
B
me F: Gl = -Nu k(ZTTI') (TB - T”) + hfg d'ﬂl/dt, (2)
where Ty is the bulk drop temperature, C_ is the specific heat of the drop
fluid, ﬁu is the Nusselt mumber, k is thE thermal conductivity of air, T, it
the ambient dry-bulb temperature and hf is the latent heat of vaporization
of the drop fluid. g

These equations can be integrated as an initial-value problem in time
if (a) expressions are found for Nu and Sh and (b) the vapor concentratior
at the drop surface C_ can be determined. Although over twenty semi-empir-
ical correlations havé been developed for heat and mass iransfer from drops
and spheres, the most widely used are those of Frossling ,

Nu =2+ 0.552 Rel/2 py1/3

Sh = 2 + 0.552 Rel/? scl/3
Ranz and Marshallz,
Nu = 2 + 0.6 Re}/Z prl/3
Sh =2+ 0.6 Rel/2 pyl/3
and Beard and Pruppachers,
Sh = 2.0 + 0,216 Re Sc2/3 (Re < 2)
Sh = 1.56 + 0.616 Rel/? sc1/3 (e > 2)

Here, Re is the drop Reynolds mmber, and Pr and Sc are the Prandtl anc
Schmidt numbers of air, respectively.

Much greater variety exists among the different methods of determining
vapor concentration at the drop surface. In principle, the dependency of
Saturated vapor concentration on temperature is governed by the Clausius-
C}apeyron equation. In actuality, the vapor pressure over pure water de-
Viates from this behavior and most modelers use one of the several semi-
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empirical curve fits to the vapor-pressure/temperature relationship that are
available in the literature.

For an ideal solution, the vapor pressure reduction due to the presence
of solute (salt in this case) is governed by Raoult's Law. Again, salt
water, especially with large salt concentrations, deviates from ideal-
solution behavior. Some correction can be made for this deviation through
the use of the van't Hoff factor which is meant to account for the fact that
not all the salt is dissociated into ions. For an ideal solution, the van't
Hoff factor would be 2.0, indicating that each sodium chloride molecule
separates into 2 ions. For sodium chloride solutions, the van't Hoff factor
actually varies from about 1.6 to 2.4 depending on the concentration of the
solution. The fact that the van't Hoff factor exceeds 2.0 for some concen-
trations is the result of the interplay of complex intermolecular forces
between the polar water molecules and charged salt ions. The introduction
of the van't Hoff factor buys little simplification since one merely trans-
fers the problem of finding the vapor pressure reduction as a function of
concentration to one of finding the van't Hoff factor. Most modelers, in
fact, use a constant van't Hoff factor, ignoring its dependence on con-
centration.

After the functional dependency of vapor concentration on the temperatur
and salt concentration of water is established, it remains only to relate
the surface temperature and concentration to their corresponding bulk values.
It is typically assumed that the surface and bulk temperatures are equal
owing to circulations internal to the drop and the fact that the Biot modulus
for the drop (Nuk/kw ) is smallz(less than 0.1). Experimental measure-
ments of droplet evaﬁsggtion rates” support this assumption.

It is also common to assume that the bulk and surface salt concentration
are equal although the validity of this assumption is questionable. The
Biot-modulus equivajent for salt diffusion inside the drop (Sh D/D —water)
is quite large (>10") indicating that interna} concentration gradigﬂlg H3§
be large as well., In fact, experimental data” show that precipitation of
salt begins on the drop surface and that the dry particle is actually a
porous conglomeration of tiny crystals rather than one large crystal formed
at the drop center as the models assume. We are currently studying the
effect of salt gradients within evaporating drops more thoroughly to ascer-
tain the possible impact on drift deposition modeling.

Analysis of the heat transfer equation reveals that the drop bulk tem-
perature relaxes to its equilibrium value in a matter of a few seconds which
is typically a small fraction of the total lifetime of a drift droplet.
Therefore, the heat transfer equation may be eliminated from consideration
if it assumed that dT,/dt = 0. Under this assumption, and letting Tg = Ty
as noted above, Egs. ? and 2 can be combined to yield

Dh
(Ty - T) = jor (2B (G - € (3)

which can be solved for C_ once the exact form of the vapor-concentration/
temperature/salt-concentration relationship is given.

Fletcher4 and independently Mason5 have given approximate solutions to
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Eq. (3) under the following conditions
The difference in the saturation vapor pressure between the temper-
ature at the drop surface and the ambient is given by the Clausius-
Clapeyron equation. _
2. The effect of solute is given by Raoult's Law as modified by the
van't Hoff factor.

3. = (cs -C t)/C is much less than 1.

w,sa ®, sat

This last assumption may be expected to be quite good inside clouds where
€. % C_ which are the conditions for which the Mason and Fletcher solutions
wire derived. It is, however, questionable for drift droplets moving in
ambients of low humidity. We shall see the effect of this assumption shortly.

From assumptions 1 and 2, we may write

-1
C T h, M M m
S ® fg o . 0 (]
=—exx>[m&T—(T-T,)]'[1+1 ——] (4)
Cm,sat Ts s ™ S M; m - mg ’
where
- sat - saturation vapor concentration at temperature T_,
’
M, = molecular weight of water,
M, = molecular weight of salt,
m, = mass of salt in the drop,
i = van't Hoff factor,
and
R = universal gas content.
Substituting Eq. 3 into 4, we have
T
¢ =1 [exp (-AXG)] B - 1, (5)
. s :
where _
C = ((2:5 = Cw,Sat)/Cw,SaE ’ (6)
A he IMoSthn,sat n hf moShCm,sat -
R’I‘S'I'JE Nu RTZk Nu ’
and . - -1
_ . S ‘
B [1+i 0M) g5 - (8)

Fletcher 4 and Mason 5 derive approximate solutions to Eq. (5) assuming
+ § 1s small. These solutions, are respectively:

Fletcher: ¢ = (B - A}/(1/x + A) (9
Mason: t=(B-2)/1+ A (10)
Figs. 1 and 2 compare these approximate solutions with the exact 3-

solution of Eq. (5). The relative error in the value of the mass transfer
rate is plotted as a function of relative humidity for a dilute solution

(B = 0.998) in Fig. 1 and a concentrated solution (B = 0.85) in Fig. 2. ig.
The relative error is also a function of ambient temperature, but



the variation is only a few percent over the range of 0 to 20C. Shown along
with the Fletcher and Mason approximations are curves obtained assuming Ts
=T, (as is done by Hanna) and Ts = T, (as is done by ESC/Schrecker}).

The ¥0110wing general observations can made.

(a) The approximation due to Mason gives fairly accurate values over
the entire range of relative humidities for both dilute and con-
centrated solutions.

(b) The approximation due to Fletcher gives good results at high rel-
ative humidities, but significantly underpredicts evaporation rate
at lower relative humidities.

(c) The assumption that Tg = T, gives good results for dilute solu‘ions
but is decidedly poor for d concentrated solution at relative
humidities above 0.70. Thus, it appears that the effects of solute
cannot be ignored for these cases.

(d) The spikes seen in all approximations around the point X = B is
the direct result of the fact that the true solution is tending to
zero. The very strong effects seen here help explain the sensi-
tivity of model predictions to relative humidity between 0.70 and
1.0.

INDIVIDUAL MODEL FORMULATIONS

In this section, we wish to summarize how each of the drift models
implements its particular evaporation formula within the context of the
general framework set forgh above. The specific models considered are those
of HOSITE’ Pena, and Pena,, Overcamp an?lIsrael , Hanna ', Wigley and
Slawson ~, ESC/ Schrecker”’, and Wolf II"~. Table 1 summarizes each of the
evaporation submodels in terms of its major components. Compared in the
table are the treatments of solute effects, effects of temperature, etc.
Each formulation is also summarized below.

The Ho_sler-Pena-Pena6 model employs the Fletcher evaporation equation.
The dilute 'solution approximation is made to determine the vapor pressure
reduction due to salt presence. These modelers determine the final state of
the drop from the ambient relative humidity. Over the range of 0.65 to
0.90, saturated solution drops are assumed. Below 0.65, dry particles are
assumed. The temperature dependency of all physical properties is con-
sidered.

Overcamp and Israel7 use the Mason equation as given above but only
allow the drops to go to saturated solution. Also, the code supplied to us
by the model developers doecs not consider the temperature dependency of the
physical properties.

Hanna8 uses Eq. 1, but assumes that Tg= T, = T_. This gives an evapor-
ation rate which is proportional to (B - A)and 1s thus much too large under
nearly all conditions as evidenced by Fig. 1 above. The computer code
supplied to us by Hanna from which the evaporation submodel was extracted
does not include the temperature dependency of the physical properties such
as mass diffusivity and vgscosity. Hamma's code further uses a constant
drop density of 1000 kg/m” regardless of the drop salt concentration or the
presence of a precipitate particle. Evaporation ceases when the drop

strikes the ground or an equilibrium is reached between the drop and ambient
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vapor pressures or the drop diameter reaches that of a particle of crystal-
line salt equal in mass to the amount of salt in the drop. In the last
case, the particle immediately assumes the density of crystalline salt thus
producing a discontinuous increase in the drop settling velocity.

The ESC/Schrecker9 model uses the basic mass transfer equation, but
takes the drop temperature equal to that of the ambient wet bulb. The
effect of this approximation is illustrated in Figures 1 and 2. The temper-
ature dependency of all but the mass diffusivity of vapor in air is con-
sidered. :

Wigley and Slawson10 employ the basic mass transfer equation with
approximations to the drop temperature similar in concept to that of Mason.
Solute effects are not considered; thus, the integration is terminated when
the drop strikes the ground or when the drop radius reaches 10 um at which
point it is assumed to evaporate completely. The model was developed for
prediction of drift deposition at fresh-water towers where salt concen-
trations are very low. Its inclusion in our study is for comparative
purposes only,

The Wolf model11 evaluates dm/dt as a function of drop radius, temper-
ature and gelative humidity by interpolating data tabulated by Beard and
Pruppacher™. These data are limited to a -radius range of 20 to 600 um, a
temperature range of 0 to 40C, and a salt concentration of zero. Beyond
these ranges, the model is not applicable. Wolf suggests, however, that
the model can be used for drops containing salt. For the case of salt
solution drops, Wolf states that evaporation will continue until the mass of
the drop (as pure water) equals the mass of salt in the original drop.

After this point, the particle becomes crystalline salt.

COMPARATIVE STUDY OF PREDICTIONS OF DROP EVAPORATION FORMULATIONS

In order to better define the differences among the various formulations
for evaporation and settling, we wrote a computer code to calculate the
trajectory of a drop released from a given height as predicted by each of
the models under consideration. For the Hanna, ESC/Schrecker and Wigley-
Slawson models, the evaporation codes were extracted directly from the drift
computer programs provided to us by these modelers. For the Wolf II and
Hosler-Pena-Pena models, we developed a computer code for their evaporation
submodels in consultation with the modelers themselves. As a standard case,
we chose a release height of 200 m, a wniform wind speed of 4 m/s, a rel- )
ative humidity of 0.70, an ambient temperati-e of 10 C and an initial
salt concentration of 0.005 g-NaCl/g-solution. From this standard case, the
initial diameter, salt concentration, ambient temperature, and relative
humidity were varied.

The results of the standard case prediction are given in Fig. 3.
Plotted on the ordinate is height above the ground. The abscissa corresponds
to the downwind distance and the curves represent droplet trajectories as
predicted by the various models. Note that large differences exist in the
predictions of final deposition distance. Note also that each trajectory
can:be.divided into two parts—-the first encompassing evaporation of the
droplet to final size, and the se&ond encompassing transport at final size,
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with no evaporation. Since no evaporation occurs in the second segment,
drop transport follows a straight line of slope V_/U where V_ is the final
droplet settling velocity. An interesting featur here is tRat two of the
models (Overcamp-Israel and HPP) predict saturated solution drops as final
state and thus land considerably closer than the three other models (Hanna,
ESC/Schrecker, and Wolf) which predict dry particles as the final state.
Notably, the assumed final state is reached within the first 70 m of fall.

Another interesting feature is that although the drop spends much of
jts time in its final state, the vertical position of the droplet when it
first reaches final size is important in determining the final horizontal
deposition distance. An example is the comparison of the HPP and Overcamp-
Israel model predictions of final deposition distance (HPP: 6.4 km, 0/1:
8.1 km). Although each predicts evaporation to a saturated drop, the
distance of fall to saturation of the O/I drop is 48 m, while HPP predicts
66 m. Yet, this small difference in vertical height produces a difference
in deposition distance of 1.7 km. The large distance separating the HPP and
0/1 drops on the ground is the result of the large ratio of wind speed to
saturation drop settling velocity. The difference in deposition distance is
also significant when dry particles are formed in the evaporation process.
For example, the Hanna drop evaporates most rapidly and thus lands further
from the point of release. Thus, the vertical position of the droplet when
evaporation is completed is very important in determining the downwind
deposition distance.

Thus, for this case, predictions depend on the rate of evaporation, the
cutoff used to determine when final state is reached, the final state
assumed for the particle (saturated solution drop, dry salt particle, or
total evaporation) and the velocity of the particle at final state.

Although Fig. 3 presents the results of droplet evaporation and kine-
matics for a emission height of 200 m, the figure itself can be viewed as a
sensitivity study to height of emission. For example, for a 50 m height of
emission, one simply views the vertical region from 200 m to 150 m. Depo-
sition distances, diameters, and settling velocities are those at the 150 m
level (50 m of fall).

Figures 4-15 present comparisons of the models predictions for cases in
which only one parameter is varied from the standard case. Among the
variations in initial parameters shown are initial drop salt concentration
C =0, 0.005, 0.05 g-NaCl/g-soln.; initial drop diameter Ly = 50, 100, 200,
400, 600, 1000 um; ambient temperature, T = -10, 0, 10, 20 C; and ambient
relative humidity, RH = 0.3, 0.7, 0.8, and 0.9. Table 1 summarizes final
drop variables at the point of deposition (or at the point of complete
evaporation if deposition does not occur).

The results of our study of evaporation formulations can be briefly

summarized as follows:

(a) The effect of increasing the salt concentration by a factor of 10
is to decrease the deposition distance by about four-fold and
approximately double the final drop size. Doubling of the final
drop size may be explained as follows. Since, for each model, the
test drop struck the ground after evaporation had been completed,
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(b}

(c)

(@)

increasing the salt concentration by a factor of 10 increased the
final mass of the droplet (saturated solution or dry particle)
also by a factor of 10. Since diameter is related to the 1/3-
power of thelygss, the expected diameter change would be by a
factor of 10 or about 2. Since drop settling velocity for
small drops is proportional to the square of the diameter and
since the drop traveled at its final size through most of its
fall, the time of fall §9§ therefore downwind deposition distance
should be reduced by 10 or about 4. The case of zero salt
concentration revealed rapid evaporation in all models with the
drop evaporating completely before striking the ground. The
results for that case are included in Table 2 although no figure
is presented

Initial diameter has a very significant effect. For the 1000 um
drop, settling dominates over evaporation. As a result, the
variation among model predictions is small and deposition is very
Close to the tower. For drops in which evaporation is important,
there are wide variations in final diameters and deposition
distances. The deposition distance and final size of the droplet
depends heavily on whether the model considers the final state to
be a dry particle or a saturated solution droplet. Smaller . ,
droplets fall further from the tower due not only to theit smaller
initial settling velocity but also because the dry particle formed
is smaller and thus has a lower settling velocity.

For the height of release of 200 m, droplets of diameter 100
um and less evaporate very rapidly to their final state and are
transported at that state for nearly all of their fall to the
ground. They may be approximated as drops of their final state
(saturated solution or dry particles) from the point of fall. In
contrast, droplets 600 um and larger fall to the ground from 200 m
high with almost no evaporation. Only for sizes in between
(100 um <D< 600 um) is the distance to evaporation an important
consideration, for this release height. 2, 5 -8

We can generalize these results as follows. For H/D> < 10 °,
where H is release height in meters and D_ is initial diameter
in micrometers, the drop will strike the ground almost as if no
evagoration had occurred regardless of relative humidity. For
H/D3 > 10-6, the drop will fall almost as if it were in its final
stafe for the entire fall. In this case, the final state depends
on ambient relative humidity. Below 0.76, the final state is a dry
particle; above 0.76, the final state occurs where the droplet
vapor pressure (as reduced by solute effects) equals the ambient
vapor pressure.

At relative humidities below 0.50, model predictions are fairly
insensitive to changes in humidity. The RH = 0.70 results differ
little from the 0.30 results except for the Hosler-Pena-Pena pre-
dictions where the assumed final state has changed from dry particles
(RH = 0.30) to saturated solution drops (RH = 0.70). At relative
humidities above about 0.70, predictions were seen to be quite
sensitive to changes in relative humidity. Remarkable sensitivity
in all drop variables is seen between relative humidities of 0.80
and 0.90.

Larger ambient temperatures produce greater distances to deposition
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This is due to the effects of temperature on saturation vapor
pressure at the drop surface. Models that include the temperature
dependency of the transport properties showed even greater effects.

IMPLICATIONS FOR DRIFT FIELD MEASUREMENTS

In spite of the often large differences in models predictions, several
conclusions are apparent which aid in the collection of drift data at an
operating natural-draft evaporative cooling tower. First, droplets of
diameter less than about 300 um do not contribute to deposition if samplers
are located within the first 1-2 km downwind of the tower under normal
ambient conditions. Consequently, special care should be exercised to
measure mass. efflux rates for droplets larger than 300 um in diameter. At
Chalk Point, for example, there has been difficulty in measuring mass
emission in that range since the frequency at which large drops move through
the sampling volume is small and the statistics are generally poor. The
only alternative by which to study the behavior of the smaller drops is to
locate the samplers further from the tower. However, measurements here
would be made difficult by the small number of droplets striking per unit
area and by the relatively greater amount of background.

Second, the measurement of the pertinent ambient conditions needs to be
quite reliable especially for relative humidities between 0.70 and 1.00.
Owing to the sensitivity of model predictions to relative humidity variations
over that range, it is clear that accurate vertical ambient profiles are
necessary. Yet, accuracy of a few percent in relative humidity is very
difficult to achieve in the field.
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Section 4

THE CHALK POINT DYE TRACER STUDY:
VALIDATION OF MODELS AND ANALYSIS OF FIELD DATA

This section provides a detailed study of field data on salt-drift deposition
acquired at the Chalk Point Power Plant in Maryland in 1977. Rhodamine dye was
used as a tracer in the tower cooling water in order to allow Separation of tower
and stack deposition contributions at ground level. Systematic behavior of the
data was identified where possible. That data analysis was helpful in the eval-
uation of existing models as well as providing a basis for model improvement.
The performance of existing models with these Chalk Point data are presented.
These data are limited in that they represént only high humidity conditions,
strong stability, and distances of only 0.5 and 1.0 km from the tower. In addi-
tion, the data lack good statistics in droplet fluxes for drops emitted from

the tower larger than 300 um. Despite these deficiencies, the 1977 Chalk Point
Dye Study represents an excellent opportunity to test the predictive performance
of models.

Indeed, much insight was gained in those model/data comparisons. Of the ten
models tested with these data, the ESC/Schrecker model predicted most favorably,
nearly within a factor of three for sodium deposition flux, 1iquid mass deposi-
tion rate, number drop deposition flux, and average diameter. The Hosler-Pena-
Pena (ANL) and Wigley-Slawson models also compared favorably with the data, and,
in terms of sodium deposition flux measurements at 0.5 km and 1.0 km distances
downwind, were generally within the error bounds of the data. These data, however
were taken under high humidity, very stable and moderately windy conditions.

The model performances can not necessarily be extrapolated to significantly
differing environmental conditions.

This paper reconfirms some important areas of needed model improvement which were
mentioned in Section 2. They are:
1. use of a plume model which accounts for full ambient profiles of

environmental variables. The plume model should be validated with
plume rise data for cooling towers. The Briggs-type formulas are



less desirable since (a) the formulas cannot account for Tocal
variations in ambient profiles, and (b) the formulas are developed
from a theory which required special simplifications to provide a
closed-form solution.

2. preparation of predictions based on 10-min. or 30-min. averages of
meteorological conditions. It has been common to average, say,

" 4 hours of ambient conditions to provide one set of model input
conditions for a single run of the model. Such treatment does not
account for true ambient wind direction variations during a 4-hour
period. Model calculations for each of 24 10-min. sub-periods or
8 30-min. sub-periods with a summation of results for each sampler
provided a much closer representation of the actual distribution
of ground measurements.

Model/data comparisons also support the modeling needs noted in Section 2. Most
notable is the need to evaluate and perhaps better define the breakaway criterion
and its effect on drift drop deposition.



Reprint of Paper #3:

"The Chalk Point Dye Tracer Study: Validation
of Models and Analysis of Field Data"
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Published in Proceedings of the Second Conference on Waste Heat Management and
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THE CHALK POINT DYE TRACER STUDY: VALIDATION OF MODELS
AND ANALYSIS OF FIELD DATA

A. J. Policastro*
W. £. Dunn®

M. L. Breig®

J. P. Ziebarth®

ABSTRACT

Predictions of ten models are compared with field data taken during the
Chalk Point dye tracer study of June 1977. The ESC/Schrecker,
Hosler-Pena-Pena, and Wigley-Slawson models compared most favorably with
the deposition d=2ta from the cooling-tower alone and are generally
within the error bounds of the data. Most models prediet larger drop
diameters at deposition than were measured. No model predicted each of
the deposition parameters consistently within a factor of three.
Predictions of stack deposition compared rather poorly with the stack
deposition data probably due to the lack of good information on exit
conditions.

A comparison of Johns Hopkins University (JHU) and Environmental Systems
Corporation (ESC) ground-level drift data showed that the JHU data had
larger drop counts in both the smallest and largest drop size ranges yet
both sets of data agreed quite well in the intermediate droo size range.
The JHU methodology avppears superior since their data were more
internally consistent and their technique of using large sensitive paver
samplers and counting all drops on the paper yields a greater
statistical accuracy.

INTRODUCTION

Drift refers to the small droplets of 1liquid water released from a
cooling tower along with the warm, moist plume. These droplets, ranging
in size from a few to more than 1000 microns in diameter, are
transported through the atmosphere eventually evaporating totally or
being deposited on the ground. If the droplets contain large
concentrations of dissolved solids, as is particularly the case when
brackish -cooling water is used, then the drift deposition may damage
vegetation and/or accelerate the corrosion and deterioration of
structures.

*Engineer, Div. of Environmental Impact Studies, Argonne National Lab.
OAsst. Professor, Dept. of Mech. & Ind. Engr., Univ. of Iil., Urbana.
®Visiting Scientist, Div of Environmental Impact Studies, Argonne Nat.

Lab.; Perm. Add.: Dept. of Physics, Eastern I1l. Univ., Charleston.
QEngineer, Div. of Environmental Impact Studies, Argonne National Lab.

4-4



Therefore, predictions of anticipated drift-deposition rates are
essential to an informed estimate of the environmental impact of a plant
for which cooling towers are planned.

Once emitted from the tower, a drift drop moves under the combined
influences of gravity and the aerodynamic drag force produced by the
vector difference between the drop and local air velocities.
Simultaneously, the drop experiences both heat and mass transfer. As a
result, the drop temperature will approach the drop wet-bulb temperature
and evaporation will occur as long as the vapor pressure at the drop
surface exceeds that of the local ambient. For a drop containing salt,
evaporation will increase the concentration within the drop and thus
lower the vapor pressure at the drop's surface. The salt concentration
will continue to increase until either (a) the droplet vapor pressure
exactly equals that of the local ambisnt after which evaporation will
cease or (b) the salt becomes saturated within the drop after which salt
particles will begin to precipitate out as evaporation oroceeds. In the
latter case, the drop will eventually become a dry particle, although it
may strike the ground before reaching its final state. The purpose of a
drift model, then, 1is to predict the number, size, and character of
drops and/or particles striking the ground at any given location with
respect to the emitting tower,

Numerous mathematical models have been formulated to predict drift
plumes and drift-deposition patterns. Although each of these models has
a2 number of theoretical limitations, good quality field data have been
lacking to determine the limits of reliability of these models. Field
data taken at the Chalk Point Power Plant in 1975 and 1975 by the
Environmental  Systems Corporation suffered from several inherent
deficiencies: ground samplers were too small in size and few in number,
no separation of cooling tower and stack drift was made, etc. Those
data provided a rough test of the models, yet the limitations of those
data did not allow definitive conclusions to be made about the field
performance of the models tested.

The field data taken at Chalk Point in June, 1977 by the Environmental
Systems Corporation (ESC) 711 and independently by the- Johns Hopkins
University (JHU) 72,37 represent a significant improvement in the data
collection methods and the culmination of more than three years of
experience in drift data collection. The data, taken as a whole, are of
good quality and sufficient to provide a true test of the models'
capability. In fact, these data are opresently the only good-quality
field data on drift deposition available in the literatura. The purpose
of this paver then is to evaluate the performance of 10 drift models
.T4-117 with respect to these data and to provide an analysis of the data
themselves to uncover special trends. Moreover, the ground-level data
taken simultaneously by the two groups (ESC and JHU) will be:
intercompared as a test of their measurement ind data reduction methods.
It is 1important that such data be studied in detail due to the
uniqueness of these good-quality data as well as the difficulty and
expense of acquiring new data.



It must be noted that while these data are the hest available and were
obtained only through a very ecarefully executed measurement program, the
data were ohtzined 2t only two radial distances from the tower, Thus
the data encompass only one of several poasible rezimes of droplet
behavior.

THE FIELD EXPERIMENT

The Chalk Point Unit No. 3 cooling tower and stack effluent serubber
produce salt wster drift because of the saline Patuxent River water used
for the cooling tower circulating water and the stack particulate
serubbing agent. Previous drift measurements at Chalk Point have used
sodium as a tracer and consequently separation of cooling tower and
stack drift was not possible. To provide s positive identification of
the drift deposition from the individual sources, JHU used = water
Soluble fluoreseent dye "Rhodamine WTY as 2 tracer in the cooling tower
¢irculating water. The photalytically unstable dye required that tha
experiment be performed at night. The drift dye tracer experiment was
conducted during a four-hour period on June 16 and 17, 1977.

The instrumentation used by JHU consisted of 10.5 ineh diameter modified
deposition funnels for sodium and dye concentration measurements and
10.5 inch diameter Millipore HA type filter papers for measurement of
total chloride and dyed drift droplet deposition. Three filter papers
per sampling station were used for the deposition measurement of all
water droplets fwater sensitive filter paper), chloride nontainine
dreoplets fplain filter paper) and dyed drift droplets fplain filtee
paper}. A sketeh of the sampler is shown in Fiz. 1. The sampler
consisted of a post with rectangular and triangular braskets for halding
the funnel and sample bottle, and a filter paper holder plate with a oan
type candle heater. Filter paper heaters were reguired because of nizht
time condensation whizh could affeat the drop size measurements. The
filter papera were phatographed for fluorascent droplets using
ultraviolet light. In this wavy, droplets denosited from the rooling
tower could be identified. The water sensitive filter papers were used
toe define total drops depoaited From 3ll =ocurces (stack and agaline
tower). & ecalibration curve for droplet sizes was used to relate drot
depoait size to falling drop size. The funnel samnles were aovpected tc
a atandard volume fafter beine washed with distilled water' and aplir
into two parts. One part was analyzed for sodium using an atomic
absorption spectrophotometer while the other part wasz concentrated by
boiling and analyzed for dye by fluorometry. The funnels could ther
give sodium deposition rate from all sources (towsr and stack) by
analyzing total sodium eontent of the sample. The funnels aculd alsc
determine the part contributed by the tower alone by pro rating the dye
deposited in the funnel to the ratio of the sodium to dye concentratior
in the basin water.

Fig. 1 also shows the Chalk Point power plant area and the JHI array ol
8 stations on the 0.5 km arce (40 m apart) and 14 stations on the 3.0 kr
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arc (U0 m apart). Each sampline station consisted of three samplers
{see Fig. 1) to ensure at least one good sample in case of accidents. or
contamination during sample collection and for good statistics. A total
of 26 sampling stations were used by JHU on the night of the dye test.
Each sampling station used during the experiment by JHU is identified
with a number.

A number of drift parameters were measured at ground level downwind of
the cooling tower by ESC. Typically, ESC uses four or five stations to
measure the following ground-level drift quantities.

1. Sodium concentration in the air (micrograms-Na/ms\ using a
rotating tungsten mesh.

2. Liquid drqplet concentration as a function of droplet size
{g-water/m’) using a rotating sensitive paper disk.

3. Liquid dropget deposition flux as a function of droplet size
(kg-water/km“-month) using a stationary sensitive paper disk.

2
4., Sodium mass deposition flux (ke¢-Na/km -month) using a
stationary funnel and bottle assembly.

The ESC sampling stations for the dye study are also located in Fig. 4
(denoted E1-EN), Some of the ESC ground-level stations were fixed in
location and thus received drift only when the wind was blowing in the
proper direction. Other stations were located beneath the cooling tower
plume, being moved as the wind direction changed. For the purpose of
model-data comparisons with the ESC data, we used the droplet number
deposition flux measurements obtained using sensitive paper disks fixed
to a ovetri dish and the sodium mass deposition flux obtained using the
stationary funnel and bottle assembly. In addition to the ground-level
measurements, source and ambient conditions were also measured by ESC.

Drift rates from the cooling tower were determined by ESC using an
instrument package suspended in a plane approximately 13.5 m below the
tower exit. The following measurements were made: '

1. The drift droplet size spectrum was measured using sensitive
paper and with a device based on scattering of infrared 1laser
light (PILLS 1II-A, Particle Instrumentation by Laser Light
Scattering).

2. The drift mineral mass flux was measured with a heated glass
bead isokinetic (IK) sampling system.

3. The undraft air velocity (from which droplet velocity was
determined) was neasured using a Gill propeller-type
anemometer.

4. The dry-bulb and wet-bulb exit temperatures of the plume were
also measured.



The IK system sampled continuously during the traverse and yielded the
sodium and magnesium mineral flux at the measurement plane. Updraft air
velocities were acquired and averaged for each point. Grab samples of
circulating water were also taken for chemical analysis of sodium and
magnesium content. These two cations, which are present in the highest
amounts in the water, were chosen as tracer elements for the IK
measurements. No source measurements were made for the stack however.

Ambient meteorological measurements were made using the Chalk Point 100
meter instrument tower which has wind and temperature instruments at
three levels (7T m, 50 m, and 92 m' and dew point sensors at two levels
(T m and 92 m). Ten minute averages of dry bulb and dew point
temperature and wind speed were taken. Due to the 1location of the
meteorological tower on a hill, the 92 meter level on the meteorological
tower was at the same vertical elevation as the cooling tower exit
plane. To supplement the meteorological tower measurements, rawinsonde
flights were conducted at intervals of 1 hour by JHU in order to
establish the short-term history of diurnal stability characteristics.
Measurements of pressure felevation), dry-bulb temperature, relative
humidity, and wind speed fand direction) were made every 10 to 20 meters
vertically.

ANALYSIS OF FIELD DATA AND COMPARISON OF JHU AND ESC DATA

The published presentation 72,37 of the JHU data revealed several
interesting facts. A histogram plot of the total water and fluorescent
droplet size distributions for the approximate cooling tower plume
centerline sampling stations, 0.5 km/355 deg. and 1.0 km/350 deg.,
indicates a bimodal distribution fsee Fig. 2). One peak occurs at
about the U0-60 micron droplet size and the other between 200 to 400
microns. -The second peak is expected from model calculations while the
first one is not. Meyer and Stanbro 72,31 suggest that the source of
these droplets is most probably blowoff from the cooling tower fill.
The droplet distribution data for the other 22 sampling stations in the
JHU net has yet to be reduced. Figure 3 presents the above droolet
distribution data as percent mass fraction. The smaller droplets with
their greater number contribute less than 1% to the total mass fraction.
Note also that the fluorescent droplet distibution peak is separated
from the total water peak by approximately 30 microns. The shift in the
peaks between fluorescent and total drops is probably due to larger
droplets originating in the stack. Also shown in Fig. 3 is =
comparison of salt deposition contributions from the cooling tower and
stack at near centerline locations 0.5 km and 1.0 km downwind of the
tower. Mote that each distribution is nearly bell-shaped and due, we
believe, to the variation in wind direction with time during the
measurement campaign. Also, the distinction between the contributions
of the two sources is clearly seen at the 0.5 km distance and gets . less
distinet further from the tower as may be seen by the comparison at the
1.0 km location.



Figure B shows the placement on the ground of the four ESC and the tw
JHU samwplers which have data reduced in the form of droplet size ranges
J1 and J2 indicate the two samplers of JHU, and E1 through EU represen
the locations of the appropriate ESC samplers.

The first parameter we studied for each of the six samplers was the droj
size spectrum measured at particular sampler locations. Figure U4 give:
the drop size distributions reported for the JHU and ESC data. The JH!
spectra are clearly bimodal with a large peak of small drops (up to 10!
microns) and a2 second peak of larger drops (approximately 250-28¢
microns). The ESC spectra also show bimodal tendencies, but the smal
drop count is smaller for samplers E2, E3, and EA.

Figure 5 shows the same data replotted in terms of mass distribution.
Here, we see that very little mass is contributed by drops less than 10¢
microns in diameter. The largest drops also contribute very 1little
except for ESC sampler E1 in which one drop contributed 8% of the total
liquid mass. Problems with a few large drops contributing a sienificant
fraction of the mass were evident in the 1976 ESC data as well.

It is instructive to examine next the average drop size measured at eact
of the ESC and JHU samplers. Defining an average drop size poses some
interesting questions as several alternatives are possible.

1. Mass Mean Diameter - d'm'
I 14y}

d

3 1/3
\‘l'M_(ZCi di /L Ci !

where C, is the number of drops in an interval and di is the
corresponding drop diameter.
2. Mass Median Diameter - 4

d is selected such that 50% of the total mass is contributed
by drops larger than d and 50% by drops less than d.

3. Count Mean Diameter - dcm

dey = ZC, 4, / IC,

4}, Mass Peak Diameter - dMP

dMP is the diameter at which the greatest mass contribution
ocecurs. -



5. Count Peak Diameter - dcP

dcP is the drop diameter with the highest recorded count.

Listed in Table 1 are the values of these characteristic diameters
computed from the JHU and ESC droo size distributions shown in Fiz. 5.

The mass mean and mass median diameters are fairly representative of the
corresponding distribution with the mass mean being roughly 40 to 50
microns smaller than the mass median, The mass peak diameter is
intermediate between these two. The count mean 1is much smaller
reflecting the laree counts of small drops. The count peak diameter is
not unique.

Among these, either the mass mean diameter or mass median diameter i=
preferable; however, neither of these is totally satisfactory. The mass
mean diameter can be greatly affected by errors in the small drop dats
{large \count, small mass). In contrast, the mass median diameter is
sensitive to errors in the large drop data (small count, large mass).
Since the greater uncertainty appezars to be in the small drop counts for
the 1977 data, we have chosen to use the mass median diameter tc
characterize these data.

Figure 5 shows how mass median diameter varies with distance from the
tower. A trend of decreasing drop size with inereasing distance fron
the tower is evident, but Sampler EY¥ does not follow the trend. This
may be due to a greater influence of the stack. Recall that the JHU
investigators found that the stack distribution has a greater number of
larger drops. As shown in Fig. U, Sampler EU experiences a stronger
stack influence than do the other samplers.

A fourth test of the data concerns the consistency between the four
independent measurements: sodium deposition flux, 1liquid depositior
flux, sodium concentration and liquid concentration. We can e¢alculate
from the data apparent drovlet salt concentration and depositior

velocity.

1. Apparent Droplet Concentration

[ Apparent concentration | Sodivm devosition flux
CDD: | from deposition data | ) Liguid deposition flux

[ Apparent concentration] Sodium concentration
en” | from concentration dataj ) Liquid concentration




2. Apparent Deposition Velocity

[ Apparent velocity) Sodium deposition flux
'so" | from sodium data | ) Sodium concentration
[ Apparent velocity Liquid deposition flux
VLD= | from liquid data | ) Liquid concentration

Table 1 summarizes the comparison of these calculated quantities. (/Not«
that the basin-water salt concentration (for the tower) was 0.014 g/g.
The agreement here 1is within a factor of 2 with one exception
suggesting some consistency among the ESC data. Also, the magnitude:
given are not unreasonable. Notably, C is consistently 1larger that
Cpp, and Vyp is consistently lareer than Vsp- This may be fortuitous a:
a suitable explanation is presently lacking.

As it happens, Samplers J1 and E3 are within 25 meters of one another,
Thus, we may compare almost directly the measurements obtainec
indevendently by these two different groups. Figure 6 compares the
count and mass distributions as functions of - drop diameter. The
following observations can be made. First, the JHU sampler . shows =
greater droplet count both below about 100 microns and above about 30(€
microns, falthough agreement above K00 microns is good). Second, the
JHU mass distribution is clearly shifted toward greater diameters,
although agreement above 550 mizcrons is good. Despite this disecrepancy,
the mass median diameter computed from the JHU distribution is 40¢
microns whereas that computed from the ESC distribution is 336 microns,
which is less than a 25% difference. It is possible, although unlikely,
that the JHU sampler received a larger contribution of drops from the
stack than did the ESC sampler.

MODEL VALIDATION WITH JHU DATA

Critical reviews of the 10 models tested apvear in References 12 and 13.
Described below are.the major features of the methodology used to make
the model/data comparisons in this study.

1. Model oredictions were made using the 19-minute averages of
meteorological conditions acquired at the time of the dye study
in order to better account for the variabilitv of these
conditions on deposition predictions. Predictions were made
for each 10-minute period and the results summed over the
four-hour duration of the study.

2. A 15 degree sector was chosen over the more common 22 1/2
degree sector due to the short duration of the averaging

period.
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3. For nine models, the 92-m level cn the meteorclogical tower was
used to provide the needed input. For ane model
fWigley-Slawson), radiosonde oprofiles were used a3 well since
that model has an option to ascept Full profiles.

4, At first, only the cooling tower was aimulated and only the
deposition acquired from the dye was used in the model/data
comparisons. Sodium deposition rate, liguid mass deposition
rate, number droplet deposition rate, and average diameter were
copputed by the models and also extracted from the data. The
aadium deposition rate included contributions from =all =izes;
the other thres ground-deposition variables were computed only
from droplets of diasmefer greater than 100 mierona. Average
diameter wasz oaomputed wusing the ligquid mass deposition rate
fdroplsats greater than 100 mierons only) =and number drop
deposition rate fgreater than 100 mizrons onlyl. It should be
noted that, although sodium deposition data were available from
B locationa along the 0.5 km arc and 12 loecatlons alone the 1.0
km are, the data on droplet counts were reduced and made
avallable only for the 0.5 km/355 dem. and 1.0 km/350 des.
locationa, Thuas data for number droplet depoaition flux,
ligulid mass deposition rate and average diameter are available
at only those two ground lornations. We also made caleulations
for the stack separately and a2lso combined cooling tower plus
stack contributionz at each sampler. No wmeasurements at the
stack were made during the dye study =20 we estimated the
droplet sizge spestrum, liguid wmass emission rate, exit
temperature and velocity from measurements wade in the stack
during the previous study June, 1976, We will discuss those
resulta later. The total of stack and z2ooling towar
contributions were then compared with the plain filter paper
resalts of JHI.

The results of the model/data comparisons for the -~—ooling tower alone
are given in Figs. 7 and A/ and Table 2. In Figs. T and 9, the model
pradictions of sodium deposition are plotted with respect to angle along
the 0.5 km (Fig. 7) and 1.0 km ares (Fig. 9% downwind of the tower.
Tabulsr results of godium deposition with angular nosition and distance
from tower are listed in Table 2. Error estimates for the data are azls=o
shown. Neotably, the plot of the observed sodium devozition rate 13 a
bell-apnaped curve on the angular range for which salt=drift data wers
acquired, MNote also that the wmodel predictions represent cenerally
bell -ghaped oupvas themselyas, Thiz 1s due to the wvariation in wind
direction for the 10-minute averages of meteorological dats, The usual
procedure af averazine metesrological condition=z over a four-hour periocd
would provide oanly a =single averame value of deposition rate for the
full four-hour pericd. Clezarly then, wind direction variation with time
ia a likely explanation of the bell-shaped distribution of drift.

Some other general characteristics of the comparisons are noteworthy.
First, wide wvariations among the oredictions iz strikinz. The S5linn 1
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predictions of sodium depositlon rate arz too lares to fit on the scale
AP T mavaa 7 oand 82 Qeannd  the madalz tend e undersrediot  sodic

The MHL @model predlctd 304lUl d8p031T10N FBA30NEDLY WELL HdL UULI LS U7
wm and 1.0 kn distance from the tower. However, the model underprediots
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number draplet deposition flux by a factor of 4 at 0.5 km from the tower
and a factor of 5 at 1.0 im. No final drog size or 1liguid mass
deposition 1s computed sinee the wmodel i3 based on the eguilibrium
heizht concept which does not zllow the computation of the final astate
of the drop. The model permits only two categories of relative
humidity, greater than 50% and lzss than or equal to 50%. The case hare
of hich relative humidity, avproximately 93%, iz perhaps not well
represented by the formulas, The predletion of the Wizley-Slawson model
with full ambient orofiles is, overall, superior to the prediction of
the model without profiles.

The Slinn I and IT models were developed to provide upper and lower
bounds on deposltion. Clearly they do ao. The 3linn II model predists
deposition just heginning to ocour at 1 km. The prediction at 0.5 km is
nearly zero. The 3linn T prediction for =sodium depoaition varles
between a factor of 3 to 7 too large fsee Table 2%. Interestingly, the
51inn I predietion of average diameter at deposition ia too amall
perhaps because the larger droplests have already deposited closer to the
tower,

The Hanna model undesroredicts sodium deposition probably due to the
overprediction of evaporation in the model T147, Predistions of number
drop deposition rate and liquid masa depositlion rate are also too low,

The Hosler-Pena-Pena model has in our previous model/data  comparisona
12,137 underpredicted salt deposition rates ‘near the tower) but
usually provided larger values than predicted by the Hanna model. Here,
it does prediect larger deposition rates than Hanna's model and performs
quite well with the sodium eround flux data. The model, however,
continues to underpredict the number drop deposition flux, here by
factors of 2.5 and 3.5 at 0.5 and 1.0 ka, respectively.

The Overcamp-Israel model underpredicts sodium deposition flux at 0.5 km
from the tower. In addition, the deposition peak is shifted to the
right. There is underprediction alsc at 1 km but only slightly. Thers
is an underprediction In droplet npumber depoaition rate and an
overprediction in droplet s=size. In total, there ims a consequent
underprediction of liquid mass deposition flux by factors of 2.1 at 0.5
km and 2.7 at 1 km.

A few gzeneral comments should alse be made., First, from Table 4, the
models gzenerally overpredict droplet diameter at depesition. Second,
the peak deposition for spdium predioted by the models 1a generally
eoincident or nearly colnident with the observed peak along the two
arcs. Third, 1t sheould be recalled that the acdium flux predicted and
measured included droplets of all sizes, whereas, our droplet numher
deposition flux, averamge fameter, and liquid mass deposition rate
include droplets only above 100 miocrons in size. We would expect the
observed sodium deposition rate to be slightly larmer than the predicted
depoaition rate since it inecludes some sodium coming from blow=off from
the tower fil1l., The 100 miocron cutoff for other depeosition quantities
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was set berause it is 4iffisult to accurately count ivopsz leas than thi
value and also 1t eliminates most of the blow-off droplets which are nc
considered by the models,

The models have 3lso been run for the stack inout data with rasult
given 1in Figurazs 9 and 10 and Table 3. Combined results of mode
predictions from cooling tower and astack appear in Figs., 11 and 12 an
Tablg 4. Field data taken from the water sensitive paper were used fo
comparisen with model orediztions. Some ohaervations follow.

1. In the angular range ‘at 0.5 and 1,0 km distances) where th
tower hazs A predomlipnant effect, the modela perform in
reazonable manner. However, in the angular range 350 to 36
degrees, the stack contribution becomes important and the tows
contribution becomes insignificent fat 0.5 km). At 1.0 km, th
stack contribution is about 3-U times the tower contribution
From Figs. 11 and 12 and Table 4, the models overpredict by
factor of 5-15 in the angular rante of 350-355 degrees, Th
poor ecomparison of models with stack plus tower data may be dus
to the use of average stack parameters from the vyear before
Among the wunknowns for the stack exit were: fa) drop size
spectrum, b} liquid ma=s emission rate, "¢ drop concentratior
at exit f{we assumed saturated drops following ESC "157, 0.2¢
g/2), and (d) stack exit velooity and temperature.

2. The model predistions for the stack are gquite conaistent amone
themselves, One of the reasons may be our saaumption that the
dropa are saturated with salt and evanorate only little out te
the depositisn samplers,

3. The cooling tower contribution to total degosition can be

' easily distinguished from the stack contribution at the 1.5  m
distance but not as easily for the 1.0 km distance. Perhzpa
our assumed drop spectrum had topo large 3 mass fraction in  the
large drop zizes.

4. In terma of total deposition thers is less discrepancy between
model predictions and data for the 1.0 ¥m distance than for the
0.5 km distance. Here, the stack contributes 2-3 times more
drift than deea the cooling tower; in total, the predictions
are about four timez larger than observed. Az  expected from
the earlisr tower comparisons, the E3SC/S3chrzcker ‘Limited) and
3linn I and IT models werform very ooorly.

5. It is interesting that the Wolf I -nd TI predictions for the
stack ars very similar at both 0.5 and 1.9 ¥m in contrast to
the 1inereasing effect of evaporsztion from 0.5 to 1.0 km seen
for drift drops from the coolineg tower. The similarity in
pradictions for Wolf I and TII for the stack i3 due ta the
slower rate of evapcora2tlon which oncurs for the larser size
stack-cmitted drops which fall from the stack olume to the
nearby samplers at 0.5 and 1.0 ¥m downwind of the tower.
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VALIDATION OF MODELS WITH ESC DATA

The locations of the ESC sensors are given in Fis. y, Unfortunately,
the data for only % of the 9 samolers ESC placed at the site were
reduced. Tables 5 and 6 provide a comparison of the model opredictions
with the data in terms of sodium deposition rate, number depositior
rate, liquid mass deposition rate, and average diameter fmass averaged).
Clearly, significant discrepancies exist between the model predictions
and the data. Notably the predicted averaged deposited diameter i
50-100% larger than that measured. Clearly then, thes mass of salt ir
the predicted drop should then be about 2.3-4 times that in the observer
drops. Also, the droplet deposition flux is predicted to be about twice
as large as observed (considering only drops of size greater than 10(
microns). In total, the deposited sodium mass should be predicted a:
5-8 times observed. Actually an averagze value of overorediction of salt
deposition flux is more like 10-13. The overprediction of deposition al
these near-tower sensors may be due 1in vart to the questionable
assumptions we had to make concerning the conditions at the stack exit
However, in visw of the fact that the models overoredict deposition dus
to the tower contribution alone fcompared to the total observe:
deposition from tower and stack), the problem is much more disturbing
ES uses 2 smaller sensitive paper (122 om?) than the JHU sampler /70(
em”) leading to a less statistically significant sample. Moreover, ES
does not count all drons on the paper. In their method of dat:
reduction, two squares are drawn on the 122 cm?2 area, the larger one &
size the larger drops and the smaller one to size the smaller drops
JHU, on the other hand, sizes all drops on the full area of theil
sampler. This difference in data reduction methods may be at the roo
of the difference between ESC and JHU measurements. It would b
advisable for each group to count the droplets on the other's sampler
to judge the potential differences in data reduction methaods.

CONCLUSIONS

The field data acquired in the Chalk Point Dye Study represent the bes
thus far available for validation of salt-drift deposition models
Sodium deposition measurements taken on the ground along arecs 0.5 km an
1.0 km from the tower showed a bell-shaped profile. This shape was als
evident in the model predictions when 10-minute averaze meteorologica
data were used and total deposition predictions were obtained by summin
predictions made for each 10-minute period. Variation in wind directio
thus appears to be a satisfactory explanation of the latera
distribution seen along arcs on the ground.

Comparison of JHU and ESC data yielded interesting results. The JH
measurements of drop size spectrum at ground locations yielded a clea
bimodal distibution while the ESC measurements were at best weakl
bimodal. The JHU measurements yielded a large veak of small drops fu
to 100 microns and a second peak of larger drops fapproximately 250-28
microns). The peak of small drovs is thoukht to be due to blow-off fro
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the fill section of the tower and represents only a small fraction o
the total mass deposited at any sampler. For a JHU and ESC sample
located close together (25 m apart), the following observations wer
made. The JHU sampler showed a greater droplet count hoth below 10
microns and above about 300 microns with reasonable agreement i
between. In addition, the JHU mass distribution is clearly shifte
toward greater diameters although agreement above 600 microns is good
The median diameters were only 25% different /JHU: 400 microns; ESC: 33
microns). Consistency checks on the ESC data revealed a factor of

difference between different methods of calculating droplet sal
concentrations and droplet settling veloeity at the ground sample
locations. 1In general, the JHU measurements were of better quality 1
terms of methodology of measurement, data reduction, and interna
consistency. The general trends in ESC and JHU measurements agre
although they differ in details. These details may be important i
specific cases.

Ten drift-deposition models are compared with the JHU:- and ESC fiel.
data. For the cooling tower taken alone, a wide range in prediction:
occurs for sodium deposition flux, number drop deposition flux, liqui«
mass deposition flux, and average diameter. A number of model:
predicted very poorly; most, however, were not far off from the data, af
least in terms of the sodium deposition predictions. The ESC/Schrecker
Hosler-Pena-Pena, and Wigley-Slawson Models compare best with the sodiur
deposition flux measurements and are generally within the error of the
data. Those models which degrade the level of input data fe.g., us¢
readings from one location on a meteorological tower rather than ful’
profiles, or degrade the spectrum from 25 to 8 bins) 1lose accuracy ir
their predictions. Most wmodels predict larger drop diameters at
deposition than were measured. This may be due to an incorrect
treatment of breakaway in which, in reality, smaller drops are breakinc
away from the plume sooner. The wind moving past the tower causes =
wake or cavity effect with 2 resultant downdraft on the plume; thi:s
effect combined with complex internal circulations within the olume may
be causing earlier breakaway. It should be noted that the comparative
levels of performance of the models apply only to this special case:
high relative humidity, moderate to large wind speed, very stable
atmosphere. One cannot a priori extend the specific aceuracy of any
model to more general environmental conditions without further testing.

For the stack, calculations were made with average June conditions of
the previous year since no stack parameters were measured on the date of
the dye test. Average values from measurements on the previous June had
to be used instead for model input; they were: droplet size spectrun,
liquid mass emission rate, exit temperature and veloaity. Also, the
drops were assumed to be saturated at exit. Model/data comparisons
yielded large overprediction of deposition by the models at 0.5 km but
more realistic predictions at 1.7 km. 1In any case, the stack parameters
need to be measured on any particular date ocalculations are required;
this is due to the fact that a significantly larger discrepanny existed
between stack plus tower predictions and data than with just tower
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predictions and data. An important unknown is the salt concentration of
droplets leavineg the stack. Such exit conditions for the stack need to
be measured because the impact of the atack aean be as great a3 the
tower, at least in terms of =zalt emibted.
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Table 1la.

Comparison-of Average Diameter (by Several Definitions) for
the ESC and JHU Samplers.

Sampler dp d dey dyp dep (micron)
JHU-J1 320 360 207 360 60,280
JHU-J2 240 280 152 280 40,180,240
El 353 500 199 375 80,375
E2 268 326 195 285 80,285
E3 291 336 237 285 65,285
E4 289 344 238 285 35,225
Table 1b.

Comparison of Apparent Droplet Concentration and Droplet
Settling Velocity at the ESC and JHU Samplers.

Sampler  Cpp (gu/gmy ‘oo Vspaws) Vb
JHU J1 0.029 - - -

JHU J2 0.019 - - -

ESC El1 0.006 0.009 1.29 1.76
ESC E2 0.011 0.022 0.69 1.47
ESC E3 0.018 0.020 1.41 1.53
ESC E4 0.031 0.052 1.57 2.63
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Comparison of Predictions of 10 Drift Deposition Models to Ground-
Level Measurements of Sodium Deposition Flux, Number Drop Deposition
Flux, Average Deposited Diameter, and Liquid Mass Deposition Flux

. « . Cooling Tower Contribution at JHU Samplers. .

Table 2.

JHU Dye Data
June 16-17, 1977
Sodium Deposition Flux
Sampler Tower
mg/m?-4 hours
Distance Dir. OBS. 1 2 3 4 3 6| 7 8 9 10 11 12
(m)
500 330 1.9 + .5| 0.00} 0.00| 0.00; 0.00{ 0,00 | 0] 0.00| 0.00] 0.00! 0.00{ 0.00| 0.00
500 335 L7+ .70 111 3,220 9.08{ 0.00] 10.8 | 0] 1.66] 1.48 3.50) 1.57} 2.19§ 5.59
500 340 4.7 + 2.1} 1.98| 5.65| 0.39| 3.50| 18.9 | o 9.24] 8.66] .22 3.95| 4.22] 10.2
S00 345 8.9 + 2.6] 3.97| 10.0f 0.76{ 5.65] 32.8 | o| 13.7| 12.3| 10.8] 6.74] 7.46| 18.3
500 350 | 10.9 + 2.7| 5.41] 11.2| 2.49] 11.04| 35.8 { 0 13.8] 11.7{ 12.1} 9.27| 9.06] 21.5
500 355 7.7 + 2.5] 5.25( 9.88] 3.18] 10.53| 29.5 | 0| 12.9{ 11.0] 10.4] 7.83 7.78] 18.8
500 0.0 6.1 + 2.4) 3.07| 4.32] 3.13] 6.34] 10.7 | 0] 5.38| 4.95| 4.77{ 4.30 3.81| 8.82
500 5.0 1.9+ .8| 0.93] 1.37] 1.28] 3.55] 2.64 | .0l 0.89] 0.74] 1.35] 1.12 0.95| 2.52
JHU Dye Data
June 16-17, 1977
Sodium Deposition Flux
Sampler - Tower
mg/m2-4 hours
Distance Dir, OBS. 1 2 3 4 5 6 7 8 9 10 11 12
(m)
1000 340 1.4 + .41 0.6{ 1.71f 1.29] 0.61} 4.53/0.10{ 4.28} 2.52( 0.40 1.45| 1.29] 1.8¢
1000 342.5 3.6 + .9 ] 0.7] 1.72| 1.46{ 1.08{ 5.24|0.13]|4.96( 2.72|0.53] 1.67 | 1.49} 2.36
1000 345.0 2.4+ .41 0.9 2.35[ 1.99| 1.12| B.26{0.196.55] 3.33!1.04] 2.26] 2.14] 3.75
1000 347.5 3.3+ .8 1.0 2.34] 2.02{ 2,30| 9.50{0.22{6.30| 3.12]| 1.40| 2.44| 2.20 5.09
1000 350.0 2.4 + 1.2 | 1.0] 2.19| 1.65{ 2.32] 11.3{0.20| 6.25| 2.95]1.99}|2.26| 2.18] 6.25
1000 352.5 [2.4 + 1.2 0.8 1.73} 1.42| 1.74] 10.0{0.19( 6.59] 2.90( 3.00| 2.091 1,94 | 7.67
1000 355.0 1.2+ .31 0.8 1.29] 1.16] 2.11] 9.86{0.17| 5.79] 2.75| 2.28{ 1.82{ 1.70| 7.51
1000 357.5 1.2+ .31 0.6f 1.21f 0.90] 1.51. 5.51{0.11] 3.92} 1.661 2.09{ 2.50} 1.41] 7.11
1000 0.0 1.4+ 4 G.4 0.64 0.40 l.Jbi <:.8410.05 2.63]1.08|1.7310.92{ 0.86] 5.98
1000 5.0 .51+ .1 0.1 0.0} 0.10 1.(\3{ 1.32]0.01{ 0.36] 0.16| 0.45] 0.26] 0.22] 1.65
1000 7.5 0.0 0.0y 0.00f 0.007 0,00/ 0.00[0.00( 0.00] .00] 0.00} 0.00! v.6¢¥] 0,00
1000 10.0 55+ .2} 0.0} 0.00 0.00{ 0.00/ 0.00/0.00( 0.00| 0.00/] 0.00} 0.00; .00 0.00
—
JWJ Dye Data
Sampler June 16-17, 1977
Tower
Distance Dir.{ OBS. 1 2 3 4 5 6 7 8 9 10 11 12
(m)
# Drops/m2-hour
6300 4793 - kit
1000 350 | 7208) 231f 2019] 537 |2788 [100240| - [15100] 4432 2113 { 1505 { 1530 | 8066
Average Diameter (um)
500 355 310[ SI9] - | 607 [ 424 767 - T 376, 338 35T - | a5k
1000 350 2341| 354 - 411 | 307 157 - 225{ 119 241 - 367 | 231
Liquid Mass Deposition FIux
mg/m?-4 hours
500 355 393 173 - 191° 768 2104} - 706| 367 | 526 - 567 | 915
1000 350 204y 21 - 78 { 169 806 - 360 15 62 - 159 | 209
LEGEND
1. Hanna 7. Wolf I
2. Hosler-Pena-Pena 8. Wolf II .
3. Overcamp-Israel 9. ESC/Schrecker
) 4, Wigley-Slawson (profiles} 10. MRI
5. Slinn 1 11. Wigley-Slawson
6. Slinn II 12. ESC/Schrecker (limited)
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Table 3,

Predictions of 10 Drift Deposition Models of Ground-Level Sodium
Deposition Flux, Number Drop Deposition Flux, Average Deposited
Diameter, and Liquid Mass Deposition Flux . . . Stack Contribution
at JHU Samplers.

f JHU Dye Data
June 16-17, 1977
Sodium Deposition Flux
Stack
ler mg/mZ-4 hours
i
F)istarv;e Direction| OBS. 1 2 3 4 5 6 ? 8 9 10 11 12
LoAm)
| s
1589.5 319 0ol o.0] o0.0] 0.0 0.0 o.0] 0.0] 0.0] 00 00 00} 0.0
iSBO. 7 323 0.0] 0.0 0.0 0.0 0.0f 0.0, 00| 00} 00] 0.0 0.0 0.0
571.4 327 0.0} o0.0{ 0.0] o0.0] o.,0f{ 0.0/ o.0] 0.0} 0.0{ 00} 0.0 0.0
lol.s 332 0.0] 0.0] 0.0} 0.0l 0.0] 0.0]2.41]2.0a) o] 0.0f 00f 00
551.1 336 18.3] 18.0| 24.0} 0.0} 21.2]| 0.0] 13.0] 15.6] 26,8 18,9} 8.26} 24.2
540.3 340 24.3] 22,5} 20.0] o.0| 26.6| 0.0 45.5| 42.9] 3L.6] 25.0] 1L.0] 30.7
529.1 35 s1.2| 46.7] 63.1| 0.0] 53.4] 0.0} 80.4] 87,11 61,7} 48,11 21. 8] 618
l,Sl?.b 350 s3.4] 56.8] 54.1| 31.6] 75.3] o0.0] 70,6} "S.6| 71,8 52.6] 20.0{ ol.7
b — 4.
JHU Dye Data
' June 16-17, 1977
| Sodium Neposition Flux
' Stack
Sampler mg/m2-4 hours
Distance Direction| OBS. 1 2 3 4 5 6 7 8 9 10 11 12
(m}
1064.8 333 0.74] 2.13] 0.67] 0.0 3.49 | o [ 0.39| 0.18}] 1.03[ 0.77] 0.36( 4.62
1059.6 335.6 2.59| 7.19] 2.27| 0.0} 12.3 ] 0 2,111 1.94] 2.83} 2.79] 1.36| 16.5
1054.3 338 3.32| 9,03} 2.95( 0.0] 15.0 ] O 3.15] 3.34| 3.63] 3.72( 1.84} 21.0
[1048.8 340.3 3.63| 9.99} 3.12} o0.00 17.1 | 0 5.991 5.96! 4,17 4.40| 2.32] 23.1
§1043 3 343 4.96{ 15.1| 4.74} 0.0| 24.1 | O 7.59| 7.09{ 6.45] 6.19] 2.93]| 27.0
1037.6 345 6.47] 19.6]| 6.29] 0.0 31.4 { O 10,1} 9.57] 8.39] 8.75] 3.98| 38.3
1051.9 347 7.84| 21.2| 7.52f 0.0} 33.4 |0 12.0f 10.7] 9.10§ 10.1] 4.79] 42.5
- 1026.1 350 8.121 21.3}1 8.44] 4.25] 3i.1 11.0] 9,38 9.83| 10.7] 5,05 39.1
1020,2 352.2 7.651 19.5] 8.18| 5.99| 26.8 | 0 11.2{ 9.60, 9.10[ 9,05} 5. 23| 33.6
1008.3 357.1 5.55] 11.4| 6.15( 5.28]| 16.9 | © 7.96) 6.00] 6.06] .87 4,05 22.7
‘1002 3 359.0 4.55) 8.02| 5.06| 5.44]| 0.1 U 5.581 4,11} 3.57| 5.98] 4.13] lo.6
1992.3 2.1 2.32) 3,28] 2.931 5.99( 4.99 | © 4,281 2,860 3.96( 3,28 2.u60] 3.52
S _ \ — - -
JWU Dye hata
June 16-17, 1977
Stack
[Sampler
Distance Directionj OBS. 1 2 3 4 S [ 7 8 9 10 il 12
(m)
* Dirops/m?-hour
540.2 3430 578| 1166 | 824 0] 13007 - 862 | ROO | T62 555 | 04 | 88y
1043.3 343 572} 4993 | 553 0§ 9952 - 827 | 385 |1327| 62 | 325 (4599
Average Diamcter (um}
SO0 355 o099 - 030 0 03} - 605 | S50 | 631 - 551 | 594
1000 350 131 - 419 a 233} - 359 | 222 | 308 - 38 [ 329
Liquid Mass Deposition Flux
mg/m* -4 hours
590.3 340 sl - s T T o - Tseo [ 2o [ soe] - r“"‘ a2
1043.3 343 2o 64 1] ‘ - 60 10 61y - l 2% | 25T
LEGEND
’ 1. Hanna T Wolf |
2. Hosler-Pena-Pena 8. Wolf 11
3. Overcamp- israel 9. ISU/Schrecker
~!. Wigley-Shuwson (profiles) 10, MRJ
5. Shinn 1 11, Wiglev-Slawson
6. Slinn {1 12, ESC/Schrecker (limited)
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Table 4.

Comparison of Predictions of 10 Drift Deposition Models to Ground-

Level Measurements of Sodium Deposition Flux, Number Drop Depositio
Flux, Average Deposited Diameter, and Liquid Mass Deposition Flux .
Contribution of Cooling Tower and Stack at JHU Samplers.
JHU Dye Data

June 16-17, 1977
Tower and Stack

Sodium ition Flux
Sampler ; mg/mé -4 hours

Distance  Directiof OBS. 1 2 3 4 5 6 7 8 9 10 u 12
(m) .

S00(589.5) 330(319) [ 1.9 + .26| 0.0} 0.0f 0.0 0.0} 0.0] 0.0 0.0 0.0y 0.0 0,04 0,0} 0.0
500(580.7) 335(323}] 5.16 + .43} 1.1|3.2210.08{ 0.0| 10.8} 0,0 | 1.66} 1.4R} 3.50] 1.57{ 2.19{ 5.59
500(571.4) 340(327)] 2.88 + .96| 1.98] 5.65| 0.39) 3.50] 18.9| 0.0 }0.24] 8.66( 5.43] 3.95[4,22{ 10,2
S00(561.5) 345(332)] 5.44 + .75) 3.971 10.0 0.76} 5.65{ 32.6| 0.0 [ 16.1[14.4] 10.8( 6,74 7,48 18.3
S00(551.1) 3S0(336) | 8.91 + .43} 23.7| 29.2) 26.4] 11.0] S6.4] 0.0 | 26.8) 27.3| 38.9{ 28.2| 17.3| 45.7
SO0(540.3)  355(340) | T.99 - 45| 29.6] 32.4] 31.8] 10.5| 56.1} 0.0 | SR.4 SS..Q 42,01 32,91 18.8 [ 49.5
S00{529.1) 0.0(3a5)} 8.63 « 78| 4.3 5.0 66.1] 6.34[ 64.1| 0.0 | 85.8] 02,1 66.5] 52.4] 25.6] 70.7
S00(517.6) 5.0(350) ] 12,6 + 98] §5.3| 58.2) 55,41 35.2]| 77,9 0.0 [ "1.5] 76.3[ 73,21 $3.7] 30.0] 64.2

JHU Dye Data
June 16-17, 1977
Tower and Stack

Sodiun sition Flux
Sampler mg/m?-4 hours
Distance Direction OBS. 1 2 3 4 B 6 7 8 9 10 11 12
(m)

.34 3,83 1,96 0.61] 8.03| 0,10 | 4.07] 2.70| 1.43] 2,22} 1.65] 6.51
291 8,91 5.73( 1,08] 17.5{ 0.13 | 7.07{ 4,06 3.36| 4.46| 2.85] 18.9
220 11,41 4,941 1,12 23,31 0.19 [ 9.70| 6.6} 4.67} 6,00] 3,98 24.8
L3 12.3) 5,14 2,307 26.6( 0,22 2.3 9.08]5.57| 6.841 4,52] 28.2

1000(1064.8) 340(333) 2
1000(1059.0) 342.5(335.0) [2.98 = .26
1000(1054.3) 315(338) 2
1000(1048.8) 347,5(340.3) |5

1000{1043,3) 350(343) 3.70 15 5,961 17,31 6,391 2,32 35.4) 0.20 [13.8] w.of 8.4 8.45] 5,11 35.3 '
1000(1037,60) 352,5(345) 5.18 « 301 727 21,31 7.1 174 42,0 0019 | 16,7 12.5] 11.a] 10.8{ 5.02] 46.0
1000(1031.9) 355(347) 4.30 ¢ 121 804 22.5] 8,68 2.11) 43.3] 0.1” fat.g| 155 11,4 11,9 e.a0i sa.0
1000(1026.1} 357.5(330) 1.81 + .14| 8,72 9.33| 5.7 39.06{ 011 1490 1.0} 11,91 12,21 640 d6.2
- 100001020, 2) 4.98 + .09 8,05 8.581 ".45{ 32,6 0.05 1381 10,71 18,9] 10,9 6,09 39,6
10001008, 3) 4,72 2 221 5,65 0,251 0,931 18,21 0,01 | 8.32] o.16| 0,511 8,04 4.8 | 24.4
1000(1002,3) T.5(359.6) 2.87 + .51 4..55 R.02] 5,000 S.44{ 0.1 0.0 § 5.581 4,11 4.57| 5,98 4.81| 16.6
HOG{996.3)  10.0(2.1D) S.49 - (08 2,52 3<ZR| 2.95] 5.991.4,991 0.0 ;3,281 286 J.ﬂnl 3,281 2,00 3,52
|

JHJ Dye DNata
June 10-17, 1977
Tower and Stack
Sampler
Distance Direction | OBS. 1 2 3 4 5 6 7 8 .| 9 10 11-1 12
(m)
* Drops/m- -hour
—
500(590.3)  355(340 7595 1168 | 3041 | 1232 | 4793 S7127] - 7255 | S500 | 4828 | 20501 2792 1 8032
1000(1043.3)3501(343) 731 803 | 7013 ] 1090 | 2788 110192 - 15927 15017 | 3440 { 2124  IRSS | 12665
Average Diameter (um)
sou 355 358 s82] - snal 2] 2d - s 50| ass] - | ase| an
1000 350 280 381 - 39 1 307 16§ - 2335 134} 258 - l 304 261
Liguid Mass Deposition Flux
mg/m’-4 hours
S00(54¢,3)  355(340) r 2R 483 { - SlJl To8 232 - 1006 | S83 [ 82§ - 073 | 1237
000 (1043, 313501 343) 338 a3 - 142 leW 100y - 420 25 123 - 187 00,
1 l
LEGIND
1. Hanna T. Wolf |
» 2. losler-Pena-Pena 8. Wolt 11
3. Overcamp- Israel 9, FSC/Sohrecker
4. Wiglev-Slawson (profiles . 10, R
S. Slinn 1 11. Wiglev-Slawson
6. Slinn T 12, ESC/Schrecker (Himited)
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.Table 5.

Comparison of Predictions of 10 Drift Deposition Models to Ground
Level Measurements of Sodium Deposition Flux and Mumber Drop Deposition
Flux . . . Contribution of Cooling Tower and Stack at ESC Samplers.

ESC Dye Data (Evening)
June 16-17, 1977

Sodium Deposition Rate
Tower and Stack

Sampler mg/m?-4 hours

Distance Direction |0BS. | 1 2 3 4 5 6 7 8 9 10 11 12
(m)

230(261) 181(212.9)j0.02) 0.0| 0.0 0,0| 0.0} 0.0] 0.0} 0.0} 0.0 0.0 0.0 0.0} 0.0
300(346) 357(334) |6.58|62.0]75.5]|42.6|24.2| 105] 0.0{65.6|62.0}83,5]56.4180.2]58.5

400(461) 347(330) 1.34112.2]15.9]14.56 {17.3|36.4 | 0.0]21.5)20.2 [35.4 14,4 |7.24 |40.3
500(547) 352(338) 4.24 129.1(32.4|31.4]7.56[52.8) 0.0]37.7137.3142.9]29.1]18.3[49.6
750(778) 358(348) NR [17.3]21.4]|16.9}1.01 |37.6.002 [16.4 [12.3]29.1;17.5}18.1(30.8
750(800) 348(339) NR |8.93]12.4}7.73|3.56{26.1{.003 |16.1 |[12.2 |11.6]10.5{9.93|5.68
1050(1110)342(335) MR |2.6117.75)3.54 10,44 |13.910.17 [5.79[3.98 }4.81 |3.6311.92|24.3
980(1023) 350(343) NR |5.19 #4.28 5.3t |2.32 |31.1 |0.15{14.3}9.85]7.1317,90]4.79]33.5
1740(1756) 0(356) NR [3.05)8.91(3.5412.44{11.0]0.89 |6.41 |4.57 [8.7014.98 [0.04 |0.52
ESC Dye Data (Evening)
June 16-17, 1977
Tower and Stack
Sampler # Drops/m2-hr,
Di?t?nce Direction | OBS. 1 2 3 4 5 |6 7 8 9 10 11 12
113
230(261) 181(212.9) 0 4] [ 0 Q 010 0 0 0 0 0 0
300(346) 357(334) | 10766 | 2454 | 3020 [3039 | 3064 14178 | 0| 5055 | 4682 | 4460 | 2833 [ 4672 4600
M00(461) 347(330) 2101) 1237 2480} 584 | 5371 33508 [ 0| 7294 | 6485 | 4058 | 2222 | 1650 4468
IS00(547) 352(338) 3630 1164 | 3648 1213 | 3312 53317 | 0| 7319 | 5373 4862 | 1953 | 2748 7958
[750(778) 358(348) NR 120§ 4278 [1392 981 67187 { 0| 6011 | 3189} 5610 | 1837 | 2654 1735
750(800) 348(339) NR 812 4150 | 826 | 3214 908831 0| 8398 4425 5630 1859 | 2364 1067
1050(1110)342(335) NR 424 | 4023 ] 744 519 Si377 101 11368 | 5289 | 3610 1371 | 897 15921
D80(1023) 350(343) NR 699 |.5557 | 788 | 2844 101393 | 0 | 14006 | 4925 | 32231 1873} 1777 13146
740(1756) 0(356) NR | 605| 82551127 | 1201 37684 [ 0| 85311 1572 55001} 1523 | 44 390
LEGEND
1. Hanna 5. Slinn I 9. ESC/Schrecker
2. Hosler-Pena-Pena 6. Slinn 11 10. MRI ’
2. ngig;Tgiiiizsl( . 7. Wolf I 1. Wigley-Slawson
. profiles) 8. Wolf II 12. ESC/Schrecker (limited)

NR - Not Reduced by ESC.
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Table 6.

Comparison of Predictions of 10 Drift Deposition Models to Ground
Level Measurements of Average Deposited Diameter and Liquid Mass

Deposition Flux . . . Contribution of Cooling Tower and Stack at

ESC Samplers, -

ESC Dye Data (Evening)
June 16-17, 1977
Average Diameter (um)
Tower and Stack
Sampler

Distance Direction| OBS. {1 | 2 |3 4 5 [e] 7 8 9 o 11 |12
(m)

300(346) 357(334) 360 | 652] - | 7324 650| 509 -| 658 | 638 | 679 | -| 663 ] 662
400(461) 347(330) 306 | 678 - | 622) 482] 334| -{ 475 | 461 | 652 | -{ 535 | 659

500(547) 352(338) 310 | 610 - | 563] 431| 274 -{ 410 | 377 | 437 | -| 482 | 422

ESC Dye Data (Evening)
June 16-17,+1977
Liquid Mass Deposition Flux
. Tower and Stack

Sampler mg/m?2-4 hours
Distarce Direction| OBS. 1 2 3 4 5 61 7 8 9 10] 11 12
(m)
230(261) 181(212.9) 6| 0.0y -y 0.0f{ 0.0f 0.0{0} 0.0/ 0.0/ 0.0 | -] 0.0] 0.0
-300(346) 357(334) 10471 1422] -] 2485 1762} 3914| 0| 3022 2542 | 2966 -] 28481 2794
400(461) 347(330) 126| 806} -| 294| 1261 2604 0| 1639| 1327 | 2352 - 528 | 2675
500(547) 352(338) 226 552 - 504 5511 2301 0| 1056| 608| 851 -1 660] 1253
750(778) 358(348) NR 298| -1 308 741 1196} 0| 491] 147 498 | -| 361 299
750(800) 348(339) NR 2131 - 187 2591 11461 0| 471} 173 391 - 370 57
1050(1110)342(335) NR 52] - 102 321 353| 0| 276 101} 145 | - 79| 696
980(1023) 350(343) *NR 79| - 1111 169} 967| 0 516] 106] 114 - 183 476 .
1740(1756) 0(356) NR 25| - 44 30| 1831 0! 144 31 92.3 | - 3 61}
{
LEGEND

1. Hanna 5. Slinn I .

2. Hosler-Pena-Pena 6. 51;:2 II 18. Sgg/Schrecker

3. dercamp-lsrael ) 7. Wolf I 11, Wigley-Slawson

4. Wigley-Slawson (profiles) 8. Wolf It 12. ESC/Schrecker (limited)

NR - Not Reduced by ESC.
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Section 5

THE DROP SUBMODEL

This section outlines the drop submodel used to predict the behavior of an evapo-
rating drift drop. The model is developed from basic principles and attempts to
treat the important physical processes influencing the drop, such as evaporation and
precipitation of salt within the drop. The model has been tested independently of
the overall drift model and has been found to provide excellent agreement with all
available data.

‘The model takes as given the initial condition of the drop (i.e., its release
height and diameter) and the spatial distribution of wind speed, temperature, and
humidity in the ambient. The latter is closely related to the breakaway criterion
in which one set of local conditions (“plume") is used prior to breakaway and a
second set of conditions ("ambient") is used after the breakaway point is reached.
More discussion of the breakaway problem will be given in Section 7.

As the droplet moves through the air and experiences different local environments,
liquid will evaporate from and heat will be transferred to the drop surface, thus
changing the mass and diameter of the drop. Correspondingly, the trajectory of the
particie will be determined by the diameter/mass history and the local wind speed
and direction.. As evaporation proceeds, dissolved impurities in the drop may begin
to precipitate, and eventually the drop may become a totally dry particle. The goal
of the drop submodel is to use appropriate dynamic and thermodynamic analyses to
predict the diameter/mass history and trajectory of a falling drift drop.

NOMENCLATURE

English Symbols

Ac Drop cross-sectional area

Ag Drop surface area .

o Solute concentration (mass of solute per unit volume of solution)

C Average solute concentration (total mass of solute in solution divided
by total volume of solution)

Cp Drag coefficient (FD/%'pg V2 Ac)



o

Solute concentration at drop surface

Cj Vapor concentration

Cva Vapor concentration in surrounding gas

Cvs Vapor concentration at drop surface

cp Mass-averaged drop specific heat at constant pressure
cpl Specific heat at constant pressure of liquid solution
cpS Specific heat at constant pressure of pure solute

Deff Effective diffusivity of vapor through gas within solute cap
DS Mass diffusivity of solute in solvent

Dv Mass diffusivity of vapor in gaseous surroundings

d - Drop outside diameter

dC Diameter of solute core

di Inside diameter of solute cap

do Qutside diameter of solute cap

dv Diameter of gas bubble at center of drop

ZD Unit vector defining the line of -action of the drag force
F Force

FD Drag force

fA Fraction of cap radial area occupied by pore openings
fv Volume fraction of solute cap occupied by pores

G Nondimensional evaporation intensity [-(d/4Ds) (dd/dt)]
g Acceleration of gravity

hk ) Convection coefficient for heat transfer

hD " Convection coefficient for mass transfer

hfg Latent heat of vaporization

?, 3, K Unit vectors in the x-, y-, and z-directions, respectively
k Thermal conductivity of gaseous surroundings

kc Empirical crystallization coefficient

L Tortuous path length through solute cap

M Molecular weight of vapor

m Drop mass

m. Mass of crystallized solute

mg Mass of solute in drop

ﬁv Mass flowrate of vapor through solute cap

Nu Nusselt number (hkd/k)

ne Empirical crystallization coefficient

Pr Prandtl number (v/vy)

PS *  Vapor pressure over solution

Pv Vapor pressure over pure liquid

5-2



p Ratio of tortuous path length to radial path length in solute cap

Re Reynolds number (Vd/v)

Rc Convective mass transfer resistance

Rd Solute cap diffusional mass transfer resistance
Ru Universal gas constant

r Radial position inside drop

Sc Schmidt number (v/Dv)

Sh Sherwood number (hDd/Dv)

T Drop temperature

T Dry-bulb temperature of gaseous surroundings

t Time

] Drop velocity

Ua Ambient gas velocity

Ure] Velocity of mass leaving the drop relative to the drop

U, v, W Drop velocity components in x-, y-, and z-directions, respectively

Ugs Vs Wy Ambient gas velocity components in x-, y-, and z-difections, respectively

v Magnitude of ambient gas velocitere]ative to drop, i.e., V = lﬁ'- ﬁél_

W Drop weight

X Drop position relative to origin of coordinate system

X, ¥y 2 Drop position coordinates (z-axis points vertically upward)

Greek Symbols »

a Solute mass fraction (mass of solute per unit mass of solution)

o Average solute mass fraction (total mass of solute in solution divided
by total mass of solution)

ag Solute mass fraction at drop surface

Ggat Solute mass fraction in a saturated solution

B Nondimensional parameter used in development of expression for
surface-to-average concentration ratio )

Y Thermal diffusivity of surrounding gas

A Heat evolved per unit mass of solute crystallized from solution

v Kinematic viscosity of surrounding gas

P Density of solution

Pe Density of solute cap

Pg Density of surrounding gas

Ps Density of pure solute

o Absolute supersaturation (a/aSat -1)

%5 Ambient relative humidity

Convention

> Over a symbol denotes a vector quantity



PREVIOUS DRIFT MODELS

The various drift models already in existence, e.g., (1-4), were developed before
reliable experimental drift data became available. Since 1976, drift measurements
have been made at the cooling tower of the Chalk Point power plant near Washington,

D. C. Policastro et al. (5) used the Chalk Point drift data to evaluate the
performance of several available drift models and found some significant discrepancies
between model predictions and the field data. Dunn et al. (6) have compared

droplet trajectories predicted by the existing drift models for a number of different
droplet sizes, salt concentrations, and ambient conditions. Differences of a factor
of two or three in the droplet deposition distances predicted by different models
under the same initial and ambient conditions are not uncommon.

Thus, presently available drift models produce results which are at odds with
experimental data; substantial disagreement exists among the droplet trajectory
predictions of the various models. In an effort to explain these discrepancies,
Dunn et al. (6) have conducted an extensive investigation of the dynamic and thermo-
dynamic formulations used by the models. They point out that many'of the models

are based on formulae taken from the cloud physics literature, such as the works

of Fletcher (7) and Mason (8), which were developed to analyze drop formation inside
clouds under the assumption that the atmosphere seen by the drops is very nearly
saturated. Moreover, the formulae were designed to handle only drops with very low
salt concentrations; a uniform distribution of solute within a given drop is assumed.
Policastro et al. (5) note that the temperature dependence of the transport and
material properties of the drop and the surrounding air is often ignored by the
previous drift models.

The effects of the various analytical simplifications made in the previous
drift models cannot be clearly defined until a new model is developed which
avoids these simplifications and treats the drift modeling problem from a more
fundamental viewpoint. The formulation of such a model is the primary goal of
the work presented here.

Extensive studies of heat and mass transfer from pure 1iquid droplets, with
results summarized in experimentally based correlations, have been presented in
the engineering literature. Evaporation of drops containing dissolved solids

has also received attention, particularly in the chemical engineering Titerature.
By making use of the results of these studies, a drop model based on sound
physical principles can be developed. It is hoped that such a model will

help expose the underlying reasons for the inaccuracy of and the wide variations

in the predictions of previous models. _,



STUDIES OF EVAPORATING DROPS

Numerous studies relating to heat, mass, and momentum transfer from single
component and multicomponent drops have been conducted; and the results of such
studies may be found in the literature of several disciplines including, but

not Timited to, spray drying, spray combustion, cloud physics, spray cooling,

and particle technology. Overviews are given by Masters (9) for spray drying;
Sirignano and Law (10), Williams (11), and Faeth (12) for spray combustion;
Pruppacher and Klett (13) for cloud physics; Drake (14) for spray cooling; and
Clift et al. (15) for particle technology. These references not only summarize
and analyze past activity but also serve to illustrate the range of time and space
scales, the types of drops and environments, and the dominant physical processes
in each application area. For example, spray combustion studies focus on small,
Tow temperature drops injected into high temperature surroundings, a situation

in which rapid transient behavior is of importance. In contrast, spray cooling
applications deal with larger, initially het drops drying in lower temperature
surroundings. Owing to this widespread interest and diversity of application, the
droplet literature is vast in extent. Consequently, we shall restrict ourselves
only to those studies which have immediate impact on the development of our drop
model for use in drift deposition prediction.

Using analytical or numerical techniques, numerous investigators have attempted

to solve the basic fluid mechanics equations, in either full or boundary-layer

form, for a single drop moving in unbounded surroundings. These analyses are
generally too complicated for practical use in our drop submodel. Of greatest

interest to us are those studies in which semi-empirical correlations for heat,

mass, and momentum transfer coefficients are parameterized in terms of the gross
properties of the drop and its surroundings. Specifically, we wish to have expressions
for the drag coefficient, heat transfer coefficient, and mass transfer coefficient

as functions of drop Reynolds number. These can then be used in time-dependent
ordinary differential equations to obtain quantitative predictions of drop behavior.

SINGLE COMPONENT DROPS

In 1949, Gunn and Kinzer (16) measured the terminal velocity of water drops by first
charging the drops as they were formed and fhen measuring the elapsed time between

the two voltage pulses caused by the passage of the drops through two inducing

rings separated vertically by a distance of between 0.3 and 1 m. More recently, Beard
and Pruppacher (17) measured the terminal velocity of water drops by suspending the



drops in a vertical air stream at saturated humidity and determining drop size
photographically. Agreement with the results of Gunn and Kinzer was quite good.
Either of these two sets of data can be used to deduce a drag coefficient versus

Reynolds number relationship for predicting the dynamic behavior of drops, even under
transient conditions.

The classic reference on heat and mass transfer from drops is that of Ranz and Marshall
(18, 19), who suspended water and benzene drops from a capillary in a vertical

air stream of known velocity. Evaporation rates were determined by monitoring the
flow of 1iquid through the capillary required to maintain a constant drop diameter

of 477 um. Drop and air temperature and air flow rate were monitored; the air

stream was assumed to be dry. More recently, Beard and Pruppacher (20) measured mass
transfer rates by suspending water drops with diameters between 54 and 750 um in

a vertical air stream. Overall, the agreement between the results of Beard and
Pruppacher and those of Ranz and Marshall is excellent; however, the former did

find discrepancies of as much as 16% in the transfer coefficients for the smallest
drops. Based on the experimental results and an asymptotic analytical solution at
small Reynolds number, Beard and Pruppacher proposed a correlation which is preferable
to that of Ranz and Marshall for Reynolds numbers less than 2. In addition,

various authors have stated that the Ranz-Marshall analysis is invalid for

drops larger than about 1 mm in diameter due to oscillation of the drop surface.
However, Dunn (21) concluded that while oscillation is clearly present, the Ranz-
Marshall results, if properly applied, provide excellent predictions of drop cooling
rates for drops up to 6 mm in diameter. Thus, prediction of evaporation rates

of pure liquid drops can be made with engineering accuracy using available

technology.

MULTICOMPONENT DROPS

The situation for multicomponent drops, especially those containing nonvolatile
species, is quite different, however. As the discussion below indicates, evaporation
of multicomponent drops is a far more complicated process than evaporation of pure
liquid drops. Thus, although some research on this topic has been performed, our
understanding of the physics of multicomponent droplet evaporation is presently
incomplete.



In order to facilitate description of the evaporation history and the analyses

that have been advanced for multicomponent drops, we shall divide the drop

lifetime into three pbases. For simplicity, we phrase the following discussion

in terms of a drop containing two components, component 1 and component 2, where
component 1 is the volatile component. The period during which beth components
remain in solution is designated as Phase I. During this phase, the basic modeling
problem is determination of surface vapor pressyres and, in turn, internal concentration
prafiles. Charlesworth and Marshall (22), Schlunder {23), Gardner (24), and Gavin
(25) have sought to determine the correct concentration profiles within the drop
by solving the convective diffusion equation in spherically symmetric geometry,
Other mndeierﬁ, for example Hosler et al, (1), Schrecker (2}, and E1 Gelli et al,
[ggj, have ignored these distributional effects and have instead based surface
vapor pressure on bulk concentration. The fundamental difference between these two
treatments of Phase I is highlighted in Fig. 5-l1a. MNcte that the first alternative
" predicts nonuniform concentration profiles of components 1 and 2 within the drop,
whereas the second alternative neglects infernal distributional effects and

thus assumes uniform concentration profiles of both components.

As mass transfer proceeds, both bulk and surface concentrations will change, until
the drop evaporates completely or comes into equilibrium with the ambient. In

many cases of practical interest, the point of insolubility will be reached;
precipitation of a s017d phase within the drop will begin. Me designate the period
during which separation of components is occurring as Phase I1I.

The customary approach for analyzing Phase Il is to assume that separation

pccurs in the drop interior and that the solution on the drop surface is saturated.
The analyses of Hesler et al. {1}, Schrecker {2}, and E1 Gollf et al. (26) are
examples of this approach. Because the separating or precipitating component is
usually visuvalized as being located at the drop center and surrounded by saturated
solution, we refer to this description as the core scenario of Phase II. Figure
E=Tb i1lustrates the basic features of the core scenarioc.

From their work with aqueous solutions and suspensions, Ranz and Marshall (18, 19)

and Charlesworth and Marshall {22) conclude that precipitation or aggregation of solute
tegins on the drop surface and spreads over the surface to form a cap. The

following qualitative description of an evaporating sodium chloride solution

drop is given by Ranz and Marshall {19):
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Figure 5-1. Modeling of evaporation phases of a two-component drop.



Figure 5-2a. Electron micrograph of 4-um
lithium carbonate shells. Photo courtesy of
K.V. Beard and K.H. Leong. (27)

Figure 5-2b. Electron micrograph of fractured
lithium carbonate shells. Photo courtesy of
K.V. Beard and K.H. Leong. (27)
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"Starting at a diameter of nearly one millimeter and a concentra-
tion of approximately 20% a drop containing sodium chloride
evaporated as a pure liquid drop until cloudy crystals appeared
on the side of the drop facing the oncoming afr stream. This
crystal cap grew rapidly until it covered the whole drop with
shiny white crystals, MNo appreciable change in diameter occurred
after the crystal cap covered the surface. The crystal surface
soon lost some of its luster, and blowholes inte the drop
appeared at the downstream side. These holes were attributed to
a4 vaccuum created by the removal of dilute solution from the
center, which was relieved by a blowhole through the particle's
surface. The picture was the same whether the drop was evapo-
rated in a 200 C hot air stream or in room temperature stil] dry
air, the only difference in the two processes being the time of
evaporation, 20 5 versus 2000 5."

We refer to this description as the cap scenario of Phase I for reasons which
are obvious. Figure 5-1b gives an idealized conceptualization of the cap scenario.

Recent work conducted by the I11inois State Water Survey {27} also lends

credence to the existence of spherical caps, although it emphasizes the complexity
of final particle formation. Figure 5-2a shows electronmicrographs of the final
particles obtained hy evaporating 17-um drops of dilute {1.6 g/liter) lithium
carbonate solution, The final particies are indeed porous shelis about 0.1 um

thick and 4um in diameter. Figure 5-2b shows shells which collapsed during capture,
from which the very delicate nature of the shell is apparent. Mareover, the

shells have large openings at one point on the surface which very well may
correspond to the "blowholes" reported by Ranz and Marshall.

Little recognition or theoretical treatment has been given to the cap scenario,
although the phservations above tend to support it. Our model considers the core
and cap scenarios as limiting cases, the core scenario representing the minimum
impact of precipitation on evaporation and the cap scenario representing the

maximum impact on evaporation.

Phase 1II represents the equilibrium or asymptotic state of the drop and begins
when evaporation ceases either because the rising solute concentration within the
drop lowers ihe vapor concentration at the drop surface to that of the ambient or
because the particie becomes dry. (Actually., surface tension and hygroscopic



effects may cause small amounts of water to remain.) Phase III poses no new analytical
difficulties, although knowledge of the asymptotic state of Phase II is essential.

This point is emphasized in Fig. 5-1b, which illustrates the widely different droplet
configurations predicted by the core and cap scenarios for Phase III,

FORMULATION OF DROP SUBMODEL

As previously noted, existing drop submodels are overly simplified in a number of
respects, and comparisons we have made illustrate that the differences among
various schemes can be quite significant. The drop submodel presented here
represents an improvement over existing models in the following respects.

1. The governing equations are integrated numerically, yielding time histories
of various drop characteristics. Also, material properties of the drop and its
surroundings are carefully treated as functions of temperature and, where necessary,
solute concentration. For those cases in which important simplifications can safely
be made, they are either implemented automatically by the computer code or are
forced by logical switches which the user can set.

2. The model is capable of handling the nonuniform as well as the uniform
scenario for Phase I.

3l The model includes a physically sound analysis of Phase II according
to the cap scenario. For the sake of comparison, the model also includes an
analysis of evaporation according to the core scenario, which the user can select
at his discretion. Moreover, the core scenario is formulated in a more
thorough manner than in previous models, thus avoiding such anomalies as
sudden changes in drop mass or diameter.

4, The model compares favorably with available experimental data for
evaporating drops.

Our model does not attempt to analyze all the detailed aspects of drop evaporation,
but rather seeks a level of sophistication which provides reliable predictions
at reasonable computer and manual setup costs.



TREATMENT OF DYNAMICS

We begin our analysis of drop dynamics by applying Newton's Second Law of Motion
for systems of variable mass,

Femgt - Uper %%3 (5-1)

to a drift drop freely falling in a gaseous environment, as shown in Fig. 5-3.°
Two external forces are considered to act on the drop: the drag force ?b, which
results from drop motion relative to the surrounding gas, and the weight force W,
which is simply m§. In all three phases of evaporation, the magnitude of the drag
force is ca]gu]ated from the Qrag coefficient CD’ defined as

Cp = Fy/ CaogVA,). _ (5-2)

where C is determined as a function of drop Reynolds number (Re=Vd/v) from the data
of Gunn and Kinzer (16). Although Gunn and Kinzer's data are for drops at terminal
velocity, Dunn (21) has concluded that they may be used to predict the drag on
accelerating drops as well. The direction of the drag force, denoted by unit

vector ED’ is the same as that of the relative motion of the air with respect to

the drop, f.e.,

ED = (U,-U) / V. (5-3)

Finally, if we assume that the mass which evaporates from the drop is accelerated
instantaneously to the ambient air velocity, then ﬁre]’ the velocity of mass
leaving the drop relative to the drop, is

U.=0 -0. (5-4)

With these intermediate results, Eq. (5-1) may be rearranged to give, in vector form,
dl dm ;
dat (CngASV/S + dt) (.ﬁa"ﬁ)/m QE, (5-5)

or, in component form,
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g% = (CppghgV/8 + g—‘g) (uy-u)/m (5-6a)
g% = (Cp AV/B + %’%) (v -v)/m (5-6b)
3—‘;’ = (oo AgV/8 + g—',‘;‘) (W, -w)/m-g. (5-6¢)

We integrate these equations numerically once to obtain drop velocity components
(u,v,w) as functions of time and once again to obtain drop position components (x5y,2)
as functions of time.

TREATMENT OF HEAT TRANSFER

Our droplet energy analysis is predicated on the assumption that drop temperature
varies with time but not with position within the drop. We justify this assumption
of temperature uniformity by noting that for small drops the Biot number (a measure
of the conductive resistance to heat transfer within the drop relative to

the convective resistance to heat transfer at the drop surface) is very small,
whereas for large drops, internal circulation tends to homogenize the temperature
distribution. The presence of a solute cap around the drop does not alter this
situation significantly, as we have found that the thermal resistance of such a

cap is negligible.

We perform an energy balance on the drop in order to obtain a differential equation
for droplet temperature as a function of time:

rate of change ‘rate of heat rate of heat
of drop = |.convection drop |+|liberation - rate of latent
internal energy from surroundings: | |by crystallization heat release

or mathematicé]]y,

mEb(dT/dt) = hkAS(Ta-T) + x(dmc/dt) - hfg(-dm/dt). (5-7)

The specific heat c_ is obtained by mass-averaging the specific heats of liquid
solution (cpz) and dry solute (cps):

(5-8)

§= [T-(m /m)] Cpg (m./m) ¢

ps.



Note that Eqs. (5-7) and (5-8) reduce to the appropriate forms for a drop .composed
entirely of liquid solution when m. and dmc/dt are set to zero, which is the case
in Phase I. Regardless of evaporation phase, the convective heat transfer
coefficient (hk) is calculated from the correlation developed by Ranz and

Marshall (18, 19),

h d
Nu = % = 2.0 + 0.6 Re'/2pyp1/3, (5-9)

which, following Dunn [21], we apply under transient as well as steady-state
conditions.

TREATMENT OF MASS TRANSFER
PHASE 1

Mass transfer in Phase I is governed by thé vapor concentration difference between
the drop surface and the surroundings, i.e.,

dm/dt = -hpA (Cvs'cva)’ (5-10)
where we calculate CVS and Cva from the ideal gas 1awf

CVS = Mps(as’T)/RqT (5-11a)

Cyq = 0aMPy (TR, T, (5-11b)

The Ranz and Marshall (18, 19) mass transfer correlation analogous to Eq. (5-9) is
used to determine the convective mass transfer coefficient (hD):
hnd
Sh = 52— = 2.0 + 0.6 Re'/2sc1/3, (5-12)
v
As before, in accordance with Dunn (21), we apply Eq. (5-12) during transient as well

as steady-state evaporation.

We note from Eq. (5-11a) that the surface vapor pressure Ps» and hence the evaporation
rate, depends not only on temperature but also on the surface solute mass fraction
o It ‘is in the calculation of ag that we distinguish between the two scenarios
for Phase I discussed above.



1. Uniform Scenario. If evaporation according to the uniform scenario
is selected, then the modei neglects solute concentration gradients within
the drop and sets the surface solute mass fraction equal to the average solute
mass fractien. Thus,

ag = w = ms.ul"m- {5-13)

2. MNonuniform Scenarioc. In analyzing this case, we have applied the
spherically symmetric form of the diffusion equation to the drop in an attempt
te account for nonuniformity of the solute concentration profile. Assuming a
hyperbolic sinusoidal distribution of solute concentration C with radial
pesition in the drop, we have found that the surface-to-average solute concentration
ratio may be calculated from

ESIE'= B2/ 3G, : {5-14a)
where

gcothg = 146 {5-14b)
and

G = -{df4ﬂs} {dd/dt}. {5-14¢)

Detatls of the derivation of these results may be found in {25}. The variation
of Csff'with G as predicted by Egs. (5-14} s wvery similar to that derived by
Gardner (24) ysing a different approach,

Once C, is determined from Egs. {5-14), ag s caleulated iteratively from
ES L ﬂsi‘-l tus !T}! {5'153

where p is the solution density as a function of salt concentration and temperature.
PHASE II

Transition to Phase [] is assumed to occur when

ag = |[t:r+'i}|:¢sat['|':l. {5-16}



where o 15 the absolute supersaturation. Generally, some amount of supersaturation
(o=0) must occur in order to allow nucleation, i.e., formation of tiny :ry;ta11ine
particles on which large-scaie crystallization can occur. For drift drops, o

wWill probably be small, a5 such drops will likely contain impurities, which
facilitate crystallization by serving as nucleation sites.

For both the cap and core scenarios, crystallization of solute from solution during
Phase II is assumed to follow the so-called diffusion theory of crystallization,
the governing equation for which is given by Mullin {28):

n
- I C i
dm /dt = kcﬂcfu-asat] : (5-17)

In Eq. (17}, ﬂ: is the area of the surface on which crystallization is occurring
{ndé for the core scenario, wdf for the cap scenario); a is the average solute
mass fraction in the remaining solution, calculated from

a = {m_-m_}/{m-m_}; {5-18)

and k. and n. are empirical crystallization coefficients, which are taken as given.

Eq. (5-17) states that the driving force for crystallization is the amount by which

the solute mass fraction in solution exceeds saturation, i.e., E;“sat' Recent

studies, e.g., {29-31), have pointed cut that the physicaily correct driving force

for crystallization is the chemical potential difference between the solute in

solution and the crystalline solute. Mevertheless, the diffusion theory as expressed

by Eq. 5-(17), perhaps because of its simplicity, still dominates the 1iterature

{e.g., (32)); we feel it represents a level of complexity consistent with the

purposes of this study.

The treatment of mass transfer depends on whether the core or cap scemario is assumed.
1. Core Scenario. In this case, the governing equation for mass transfer

is the same as in Phase I, i.e., Eq. (5-10); and, as in Phase I, the drop outside

diameter shrinks as liguid is evaporated. Crystallized solute is assumed to reside

in a spherical ball of diameter d_ and density pes the density of dry solute,

at the center of the drop {recall Fig. 5-1b). With . given by Eq. (5-17], d. is then

calculated using

_ 1/3 "
d, = {ﬁmﬁms} g (5-19}



2. Cap Scenario. For the cap scenario, which we again emphasize 15 claoser
than the core scenario to the experimentally observed behavior of drops in.Phase II,
we propose that a vapor concentration difference is still the driving force for
evaporation but that the cap acts as an additional resistance in the transfer
path. To model this effect, we assume that the 1iguid in the core of the drop
1s in contact wWith, but does not infiltrate, the porgus solute cap and that
vapor evaporated from the 1iquid core must diffuse through the porous cap bafore
‘being convected into the surrgunding gas. Assuming that this diffusion process
1s quasi-steady, we have followed an analysis similar to that given by Bird et al.
{33) in connection with porous catalyst particles to obtain the following relationship
governing mass transfer according to the cap scenario of Phase II:

dm/dt = {cﬁ- Cua]'“Rc*Rd:" : (5-20a)
where RE. the convective mass transfer resistance at the cap outer surface, is

Rc = 1thAS, {5-20b)
and Rd, the diffysion resistance of the cap, is

Rd = {1;"61--[;"1;]0} / ZFDEF‘F‘ (5-20c)

Evs is the vapor concentration at the surface of the liquid core and is determined
from Eq.{5-11a) assuming oy = a. With m. given by Eq.(5-17). the solute cap inside
diameter d1 is then calculated using

d = (d 3 - Emcf“"c}”3= (5-21)

where n. 15 the solute cap density (not necessarily equal to Pes since the

cap is porous), d_» the cap outside diameter, is assumed constant throughout

Phase I1 and equal to the drop diameter at transition to Phase II. Since the

density of the solute cap i3 usually greater than the concentration of salt

in a saturated solution, the volume of liquid left in the drop is insufficient to
completely fill the volume enclosed by the solute cap. In accordance with experimental
observations made by Charlesworth (34), our model assumes that the remaining volume

is occupied by a gas bubble of negligible mass and diameter du given by



d, = [4;3 - 6(n-n )/mo(@,1)1/3, (5-22)

which resides at the center of the 1iquid core (recall Figure 5-1b)l

One missing Tink in the analysis remains: specification of Deff’ the effective
diffusivity of vapor through the gas-filled pores of the solute cap. Ideally,
Deff should be measured experimentally. However, such experimental data are
rarely available. We must therefore resort to estimation of Deff' To aid in

this process, consider diffusion in an infinitesimal porous solute shell of
thickness dr. Observe that although we model diffusion as if it occurred radially,
vapor actually follows a tortuous path through the pores in the shell. Thus, we
might write

vapor radial
mass = ’effective X fradia]} X concentration)
flowrate ‘diffusivity { area gradient
mv = Dess X 4qr2 X dc,/dr (5-23)
actual l
= $actua1 % X 3actua1$ X [concentration
(diffusivity area - gradient
= 2
Dv X fA(4wr ) x . dCV/dL,

where fA is the fraction of the radial area occupied by pore 6penings and dL

is the infinitesimal tortuous path length. If we assume that dL = p dr, p>1,
i.e., that the tortuous path length is always proportionately larger than the
radial path length, then Eq. (5-23) yields

Dess = (fa/P)D,. (5-24)

But the volume fraction of pores in the cap, fv’ is approximately given by
pfA, so that

Deff = (fV/Pz)Dv; (5'25)

we may’calculate fv from the cap density Pe and the solid crystalline solute density

in
pg using



fv = ]-pc/ps. ’ (5-26) -

Thus, Eq.(5-25) becomes
Degs = [(1-p /0 )/P2ID,,. (5-27)

Finally, then, our analysis of Phase II requires that we specify values for two
parameters: fe and p. Upper and lower bounds on Pe do exist: Pe cannot be
greater than P and cannot be smaller than the value (6 mS/nd°3) which results
in a dry particle with no air space in the center. Theoretically, p can take
on any value greater than one.

PHASE I1I

Our analysis treats only drop dynamics in Phase IlI; heat and mass transfer
are negiected.

COMPUTER PROGRAM

The governing differential equations (Eqs.5-6,5-7,5-10,5-17 and 5-20) together
with their associated initial conditions constitute an initial value problem.

The equations are integrated numerically by computer using the method of Gear (35)
for stiff systems of first order ordinary differential equations. The results

are in the form of time-histories of relevant drop characteristics. Three of the
basic equations (m, Mes T) are always integrated, while the user can decide whether
to integrate all, some, or none of the dynamic equations (x, y, z, u, v, w).

Presently, the computer model is equipped to analyze drops of pure water, aqueous
solutions of sodium chloride (NaCl), or aqueous solutions of ammonium nitrate
(NH4N03), in an environment of humid air. Since most of the data specific to a
given substance are isolated in subroutines, analysis of different combinations

of constituents is relatively straightforward, provided the physics of the problem
remains unchanged.

The computer program accounts for the temperature dependence of the physical
properties of humid air (v, k, Dv’,pq) and pure water (hfg’ Pv) using the
interpolating formulae given by Dunn (21). The physical properties of NaC]-H20
and NH4N03-H20 solutions (Ps’ P “sat"cpz) are calculated as functions of
temperature and, where appropriate, solute concentration, using interpolating

polynomials fit to experimental data from various sources, e.g., (36, 37, 38).
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RESULTS

MODEL/DATA COMPARISONS

The data of Charlesworth (34) and Charlesworth and Marshall (22) are among

the few that are sufficiently detailed to use in evaluating the performance of our
model. These workers suspended solution droplets with diameters between 1300 and
1800 ym on a fine glass filament in a vertical heated air stream. Drop mass was
determined at various intervals during a given experimental run by shielding

the drop from the air stream momentarily and measuring the deflection of the glass
suspension filament. A thermocouple was used to measure the drop temperature history
in a parallel experimental run under similar conditions, as it was infeasible to
determine mass and temperature histories in the same run.

We present below detailed comparisons of the predictions of our model with the 7
~ experimental data of Charlesworth (34) and.Charlesworth and Marshall (22). We realize
that the ranges of drop size and composition studied by these workers are not particularly
relevant to drift modeling. However, we do feel that these:data provide an opportunity
to assess our model's treatment of the physics of solution droplet evaporation.

Before beginning our comparison, a few comments on the genera]’modeling procedure
are in.order.

1.  In all of the cases presented here, we have neglected concentration gradients
in modeling Phase I. We found that accounting for a nonuniform solute
distribution in Phase I via Eqs.(5-14) had little impact on results beyond
predicting a slightly earlier transition to Phase II. This result is not
surprising in view of the small values of evaporation intensity G (~0.04-0.5)
encountered by a drop in the low temperature environments considered in
this report.

2. We found that in order to match Charlesworth and Marshall's (22) asymptotic
values for drop mass in Phase III, we had to input initial drop diameters
to the model that were at most 1.5% smaller than the values specified by
the experimenters. This deviation likely resides within the realm of
experimental error.

3. Our initial values for the empirical crystallization constants kC and Nes
0.15 kg/m?s and 1.6, were selected on the basis of information given by
Mullin (28) and led to unrealistically high predictions of supersaturation
in Phase II for both the core and cap scenarios. Also, for given values

-



of kc and n., the core scenario generally predicted significantly larger
values of « in Phase II than did the cap scemario, probably due to the

fact that the surface area available for crystallization in the core scenario
{rdczj is much smaller than that available in the cap scenarig {ndiz}. In
subsequent runs, for lack of any experimental data on kc and N.s we left

Ne equal to 1.6 and adjusted kc to yield reasonable supersaturations for
both the cap and core scenarios in Phase 11. Qur final selections are

listed in Table 5-1.

Table 5-1. ¥Yalues of ¢rystallization constant Icr used in Model.

Solute kc {kg/m2s)

Core Scenario Cap Scenario
HH¢H03 1.5 0.6
NaCl B 0.m5

Figures 5-4 and 5-5 compare model predictions with Charlesworth and Marshall's (22}
data for a stationary drop with an initial diameter of 1565 ui and inftial
composition of 50% water, 50% ammonium nitrate {by mass), evaporating in a dry air
stream with velocity 0.97 m/s and temperature 33.9 C. The model shows good agreement
with the data in Phase I, and the predicted transition to Phase II lies between

the experimentally observed time of appearance of first crystals (demoted by + in

the figures) and time of compietion of the solute cap (denoted by +). Figure 5-4
indicates clearly that the core scenaric vastly overpredicts mass transfer in Phase
II. As shown in Fig. 5-5, the cap scenario, due to the added diffusion resistapce of
the sclute cap, predicﬁs a decreasing mass transfer rate in Phase II, in agreement
with the experimental data. Use of the minimum possible cap density (pc = Emsfndu?]
and minimum diffusion path ratio {p = 1.0) results in a shell which is too porous,

45 indicated by overprediction of the mass transfer rate in Phase I1. On the other
hand, use of the maximum possible cap density {pc = pS], in accordance with Eq. (5-27)
shuts off mass transfer completely at ithe end of Phase [, thus underpredicting mass
transfer in Phase II. Good agreement with the data was obtained by using a cap density
which is 90% of the density of crystaliine solute along with a path ratio of 2.2,
These values are physically reasonable, as they lead to prediction of a hollow,
thin-walled dry particle in Phase Il1., which is the configuratfon experimentally
observed in both the Charlesworth and Marshall (22) and IiTinois State Water

Survey (27) investigations.
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Figure 5-6 shows model/data comparisons for the same size drop and same ambient
conditions as before but for initial NH4N03 mass fractions of 0.125 and 0.250.
Although the model curves lie slightly below the data for Phase I, transition to
Phase II in both cases occurs between the experimentally determined times of crystal
appearance and cap completion. Good agreement with the Phase II data was again
obtained by using the cap scenario with P = 0.9 Pg and p = 2.2.

Figure 5-7 compares predicted and actual histories of the difference between

ambient temperature (Ta) and drop temperature (T) for a 1565-uym drop initially
composed of 75% water and 25% NH4N03 evaporating in a dry air stream with velocity
0.97 m/s and temperature 31.7 C. The model correctly predicts a rapid decrease in
drop temperature at the start of Phase I (due to latent heat removal as evaporation
commences) and a gradual increase in drop temperature towards the end of Phase I
(due to a slowing rate of latent heat removal as solute accumulation depresses the
surface vapor pressure and slows the evaporation rate). During Phase II, the

cap scenario, in qualitative agreement with the data, predicts a gradual rise in
drop temperature as the rate of mass transfer slows due to the presence of the cap.
The rise in drop temperature predicted by the core scenario at the start of Phase II
is also caused by a decrease in mass transfer rate, but in this case mass transfer
is slowed by supersaturation of the drop liquid (leading to increased vapor pressure
depression) before crystallization can begin in earnest. Once the crystallization
rate increases, the supersaturation falls, leading to increased mass transfer and a
lower drop temperature, as indicated by the upturn in the core scenario temperature
difference curve. This prediction contrasts sharply with the experimentally observed
behavior,

In order to emphasize the vastly different physical configurations predicted for

the drop by the core and cap scenarios, drop diameter histories according to both . 7
scenarios are plotted in Figs. 5-8 and 5-9 even though no experimental data are available
for comparison. The drop and ambient conditions for these figures are the same as

for Fig. 5-6 with a=0.250. The core scenario (Fig. 5-8) predicts that the

drop diameter decreases throughout Phases I and II and that the dry particle in

Phase III is a solid, crystalline solute sphere with a diameter of 839 um. The cap
scenario (Fig. 5-9), on the other hand, predicts a decreasing drop outside diameter
only through Phase I, after which time the drop is assumed to be covered with a

solute cap of fixed outside diameter. In Phase II, the inside diameter of the shell
shrinks as solute precipitates until, at transition to Phase III, the drop exists as a
hollow,.dry, porous solute shell with an outside diameter of 1074 um and an inside
diameter of 836 um. This structure is consistent with that of the dry particles
examined by Charlesworth and Marshall (22).
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The difference in final particle configurations predicted by the cap and core

IMWE L 1Y W FHELE L VUl WIIT PUEPU3TED W W e BRI 1S WAl VE QYW E ESIEY ALl e
assumption of uniform solute concentration. ODrop behavior during Phase II, i.e.,
during solute precipitation, was modeled according to both the cap and core scenarios.
The cap scenario, which assumes that solute crystallization occurs on the drop surface
and forms a shell around the remaintng liquid that impedes further mass transfer,
yielded predictions of drop mass and temperature histories and dry partfcle configuration
which were in close agreement with the experimental data of Charlesworth and Marshall
{22). The core scenario, which assumes that solute precipitation occurs within

the drop, leaving the remaining 1iquid in contact with the surrquﬁdings, overpradicted
mass transfer in Phase Il and yielded a temperature history and dry particie
confiquration which were at odds with experimental data. It was demonstrated that
these alternative modeling assumptions can have a dramatic impact on the prediction

of drift droplet behavior.

Future work in the area of multicomponent droplet evaporation should be primarily
experimental, a3 our ability to model correctly the relevant physical

processes is severely limited by the scarcity of detailed experimental data. If
pussib]el future studies should deal with drops free of peossibly disruptive



external attachments, such as the suspension filaments used by Charlesworth and
Marshall (22), in order to simulate more closely the conditions seen by a freely
falling drop.
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Section 6

Droplet Deposition Formulation

This section describes the results of ongoing work to improve the treatment of
deposition in our drift model. As presently formulated, the drift model developed

in the remaining sections of this report does not consider the effects of atmospheric
turbulence on the drift drops. Instead, the drift deposition is smeared uniformly
over an area defined by a sector angle (usually taken to be 22.5°) and by the

distances of deposition predicted by a ballistic analysis for the largest and smallest

drops within a given drop size range.

This work is being carried out in five steps as follows.

a.

Development of a Monte Carlo methodology for analysis of the atmospheric
methodology for analysis of the atmospheric dispersion problem with
deposition, settling and evaporation.

Verification of the Monte Carlo model with known analytical solutions of
atmospheric transport equations.

Verification of the Monte Carlo model with field data on ground-level
concentration and deposition of pollutants.

Development of simple methods which can be used to approximate the results

of the Monte Carlo model in most if not all cases of interest in drift model.
Inclusion of the deposition methodology into the drift model and verification
with available data.

This section deals only with items (a) and (b) above.

The fundamental problem in the formulation of a deposition model is a continuous
point release at rate Q (particles per unit time) and height h above the ground.
Other source configurations are then treated by superposition. Source dynamics
such as buoyant plume rise are also treated in the same framework by specifying
an effective release height greater than the actual release height. Thus, the
continuous point source release is the prototype problem for study, although the
methodology developed herein may be extended to a more general problem.



The mean wind u which is the prime factor carrying the drift drops away from

the tower may be regarded as constant in time over a period on the order of

20 minutes. Over level terrain free of rising thermals, the mean wind is parallel
to the ground and generally increases monotonically with height. Thus, for
convenience in our study, we shall assume this idealized behavior for the

wind and define a rectangular coordinate system with the x-coordinate in the
.direction of the mean wind, the y-coordinate in the horizontal crosswind
direction and z in the vertical direction as shown in Fig 6-1. The corresponding
velocity components are, u, v, and w; an overbar denotes a mean value. Thus, by
definition v=w=0.

Superimpdsed on the mean wind are fluctuating components u', v' and w' which

are responsible for turbulent diffusion of the drift particles. The characteristics
of these turbulent fluctuations depend strongly on the stability of the atmosphere
which, in turn, depends on the vertical gradient of temperature in the atmosphere.
The actual vertical temperature gradient must be compared with the dry adiabatic
lapse rate,

r = -0.00975 C/m, (6-1)

which is the rate at which temperature would change for a parcel of air raised
adiabatically and isentiopically. If the gradient of temperature exceeds the
adiabatic lapse rate, a displaced volume of air will return to its original

position and the atmosphere is said to be stable. Similarly in an atmosphere

whose temperature gradient is less than the adiabatic lapse rate, a displaced volume

- of air continues to move away from its original position and the atmosphere is
said to be unstable. '

ATMOSPHERIC TURBULENCE

Pefinitions of Basic Terms and Concepts
A key step in understanding the random fluid motions of which a turbulent velocity
field is composed was made by Reynolds in 1895 when he suggested that the state
properties of the fluid be decomposed into mean and fluctuating values. The
fluctuating component may then be treated as a random variable and thus characterized
using the techniques of probability theory. Following Reynold's suggestion, the
velocity components in the x-, y- and z-directions of Fig. 6-1 are written as
u=u+u' (6-2a)
v=v+v', (6-2b)




and

' W=w+w', (6-2c)
where, as before, the overbar denotes an average value and the prime indicates a
fluctuating quantity. Thus, by definition u'=v'=w'=0.

The averaging process implied in Eqn (6-2) can be performed in a number of different
ways depending on the type of turbulent velocity field with which one is dealing.

If the flow is steady or can be considered a stationary random process, averaging
with respect to time can be used. Mathematically, the time-averaged Eulerian
velocity at fixed position Xo is given by

Tix,) N DTS (6-3)

u(x ) = 1im — u(x_,t) dt. 6-3

0 At At Jt 0

When studying turbulent diffusion the Lagrangian description of motion in which

the observer moves with the particle is often more convenient to use. Averaging

for a steady or stationary process is then carried out over a large number of particles
all of which have the same origin but different starting times.

If the turbulence field is homogeneous, averaging with respect to space can be employed.
Mathematically, the space-averaged Eulerian velocity for an instant to is given by

_ 1 X+AX
a(t) = vim LT e ) ax. (6-4)
AXre

In a Lagrangian frame, this prdcess corresponds to averaging over a large number
of particles, all of which have the same starting time but different origins.
If the flow is neither stationary nor homogeneous then an ensemble average must be
used. The ensemble average is an average taken over a large number of experiments
each of which has the same initial and boundary conditions. Mathematically, the-
ensemble-averaged Eulerian velocity is given by

M

_Zuz(xo’to)

U(xyst,) Eoe—— (6-5)

where M is the number of experiments.

When the turbulence field is both stationary and homogeneous, all three averaging
procedures yield the same result and the flow statistics are said to be ergodic.

Many of the measures used to characterize a turbulent velocity field involve

6-3



the statistical properties of the probability density distribution of the fluctu-
ating velocities. A majority of the studies of atmospheric turublence (e.q.,
Sutton (1), Blackadar et al. (2}, Pasquill (3)) have shown that the distribution of
the fluctuating velocities is very nearly Gaussian, or normal, although deviations
from the Gaussian form have been gbserved particularily near the ground. Further
support for the Gaussian assumption can be obtained by appealing to the Central
Limit Thereom of probability theory which states that the combined result of a
large number of random Tnfluences tends toward a2 Gaussian distribution no matter
how the individual influences are distributed. Thus, the probability density
function P{u') 1s given by

Plu') = exp { T (6-6)

o U

u
whers Ty =1ﬁfii Similar expressions may be written for v' and w'. Egn {6-6)
represents the distribution of fluctuating velocities at a single point in space
at an fnstant of time. Integrating P{u') between ua and “ﬂ gives the probability
of finding u' in the closed interval [u;,uﬂ].

Statistical Characterization of Turublence

The first statistical characteristic of turbulence we wish to discuss is intensity.
The intensity of turbulence is defined as the root-mean-sguare of the fluctuating
velocity and 1s a measure of the energy of the fluctuating velocities. Since,

in the atmesphere, the fluctuating velocities are distributed in a Gaussian fashion,
the intensity {s equal to the standard deviation of the distribution. Counihan {4}
has presented data showing that for neutral atmospheric conditions within the
constant shear stress layer near the ground

v ) u'4 = 0.75 {6-7a}

w's 1iu’2 = 0.5. (6-7b)

Thus, the fluctuations in the mean-wind direction contain the most energy. followed
by those in the horizontal crosswind direction and finally by the fluctuations in
the vertical direction.

He next consider the varigus correlation coefficients which are used to characterize
a turbulent flow. Here, we will only be concerned with the double velocity componeni
correlations, although, in & more general study of turbulence, one must consider
higher order velocity component correlations and correlations between velocity
components and pressure. In our discussfon, definiticns will be given in terms

of u' with the understanding that similar expressions may be written for v' and w'.

6-4



Of most interest to us is the Lagrangian time correlation coefficient defined for
a homogeneous flow as

u'(tO) U'(t6+€) (6-8)

R (g,t)) = —
u u'(t,)?

where the overbar denotes ensemble averaging, u'(to) is the velocity of a fluid
particle at time t, and u'(to+g) is the velocity of the same particle at time

t+g. If the flow is both homogeneous and stationary, then RL (g,to) is independent
of the base time to and an even function of £. In this case,uthe Lagrangian time
correlation is written simply as RLu(é).

Inspecting Eqn (6-8), we observed that for small &, R (g,to) approaches unity,
whereas for large &, RL (g,to) approaches zero. The ggnera] form of the Lagrangian
correlation coefficientfor £>0 is shown in Fig 6-2. Determination of the precise
functional form of RL(g,to) is nearly impossible due to the substantial difficulties
encountered when trying to measure fluid particle velocities in the Lagrangian frame.

In a manner analogous to'Eqn (6-8), we define the Eulerian time correlation or
autocorrelation for a steady or statistically stationary flow as

] 1
u'(xg,ty) u'(x .t +e)

Re (€,x,) = (6-9)

2
u u'(xg,t,)

where the averaging is with respect to time, u'(xo,to) is the velocity at a
fixed point at time t and u'(xo,to+g) is the velocity at the same point
at time to+g. Because of the assumed stationarity, RE (g,xo) is an even
function of &. u

In addition to time correlations, we may define space correlations. The Eulerian
space correlation coefficient for a steady or stationary turbulent field is defined as

u'(xg,t) u'x #x,t) (6-10)

Eu’X(X’XO) ) {

1 2 ' 2
Vu (xo,t) u (xo+x,t)
where the overbar denotes a time average, u'(xo,t) is the velocity at some
point X0 at time t and u'(x°+x,t) is the velocity at the point XX at

time t. If the turbulence is stationary and homogeneous, Eqn (6-10) can be
rewritten as



(0 et et (6-11)

U,.X ,(

Xyot)?

and RE (x) is then an even function of x. The general form of the space correlati
is simf14r to that of the time correlation shown in Fig 6-2.

A statistical characteristic closely related to the correlation coefficient is the
integral scale of the turbulence. From the Lagrangian time correlation coefficient,
we define the Lagrangian integral time scale as

TLu o R (6otg) de. (6-12)

T is a measure of the average time during which a fluid particle moves in a
given direction. In the atmosphere, typical values of the Lagrangian integral
time scale are on the order of 100 seconds.

Similarly, the Eulerian integral time scale
e = o Re (6%) & (6-13)
u u

can be thought of as the average time during which velocities sampled at a single
point are correlated with one another. In the atmosphere, g is on the order
of 20 seconds.

From the Eulerian space correlation RE , we define the integral length scale
U,X

= [ R (x,x.) dx. (6-14)
_/(; Eu,x (o]

Lu,x is a measure of the average distance over which velocities sampled
simultaneously are correlated. Additionally, L x can be considered a measure
of the average size of the "eddies" of which the turbulent field is composed.
In this context, the term "eddy" refers to an irregular rolling motion which

develops randomly within the flow.

Counihan (4) presents evidence showing that in the atmosphere under neutrally
stable conditions the length scale L X decreases with increasing surface roughness
and increases with height approx1mate1y as vz to heights of 200 to 300 meters.



The Tength scale Lw,z is found to be insensitive to changes in surface roughness
and increases as z to heights of approximately 100 meters. Thus, since Lw,z is

a stronger function of height than Lu,x, we conclude that atmospheric turbulence
is less homogeneous in the vertical direction than in the horizontal direction due

to the ground.

Another important characteristic of turbulence is the power spectral density or
spectrum, which indicates how the energy of the fluctuating velocities varies
with scale or, equivalently, how the energy of the fluctuating velocities is
distributed among the various eddy sizes. Of key importance here is the spectral
function.

The Eulerian spectral function FE(f), where f is frequency, can be thought of as

a relation which gives the fraction of the fluctuating velocity energy contained
between frequencies f and f+df, although true physical meaning is attained only
after integration. For a homogeneous, stationary flow the spectral density function
is defined by the Fourier transform pair

FE(f) = 4./: RE(g) cos 2xfg Qg (6-15a)

and .
R (€) =A Fe(f) cos 21rf§ df . (6-15b)

This relation was first shown by Taylor (5) in 1938. A similar relation can
be written relating the Lagrangian spectral density FL(f) to the Lagrangian
time correlation RL(g).

Integrating over all frequencies, we have

fo‘” F(f) df = 1. (6-16)

Kaimal et al. (6) have shown that for atmospheric turbulence, a majority of
the energy associated with the fluctuations in the mean-wind and horizontal
crosswind directions lies in the low frequency range (large eddies) and that
these spectra are nearly invariant with height. On the other hand, the scale
of eddies associated with the fluctuations in the vertical direction increases
with height. Also, a greater fraction of the energy is contained in the high
frequency range for the spectrum of the vertical fluctuations as compared with
those of the mean wind and horizontal crosswind fluctuations.

6-7



Of greatest interest to us are the continuous point source (a three-dimensional
problem) which closely models the emission of pollutants from cooling towers and
stacks and the crosswind integrated continuous point source, or equivalently, the
continuous infinite 1ine source in the horizontal crosswind direction (a two-
dimensional problem) which models point source type emissions when behavior in the
horizontal crosswind direction is unimportant. Since the variables in the governin
equation are separable, the three-dimensional continuous point source problem
concentration distribution can be recovered from the crosswind integrated solution
by multiplying by a function of y only.

The Gradient Transfer Approach

To derive the basic equation of the gradient transfer approach, we start with

the equation of conservation of mass for passive particles. (Here, passive implies
that the presence of the particles does not alter the wind field in any way.).
Using indicial notation, the equation is )

..a£ a—_ - a——. a—c_ e 6']7
5t | ax; (uje) ax; (D 3xi) *S3 (6-17)

where c is the particle concentration, u; is the component of the fluid velocity
in the X; direction, D is the molecular diffusivity of the particles in the
fluid and S is a function describing the distribution of sources of the particles.

For the basic problems discussed above, S is given by:

Instantaneous Point Source

S = Q8(x;)8(xz)8(x3-h)s(t)
Continuous Point Source

S = Q8(x1)8(x2)6(x3-h)
Crosswind Integrated Point Source

S = Q8(x;)8(x3-h)

After uj and c are decomposed into mean and fluctuating components in accordance wit
our previous discussion of turbulence:
.= u., +u! : -
up =ug tug, (6-18a)
and

c=c+c'. (6-18b)

Substituting into Eqn (6-17) and averaging, we obtain
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Of greatest interest to us are the continuous point source (a three-dimensional
problem) which closely models the emission of pollutants from cooling towers and
stacks and the crosswind integrated continuous point source, or equivalently, the
continuous infinite line source in the horizontal crosswind direction (a two-
dimensional problem) which models point source type emissions when behavior in the
horizontal crosswind direction is unimportant. Since the variables in the governing
equation are separable, the three-dimensional continuous point source problem
concentration distribution can be recovered from the crosswind integrated solution
by multiplying by a function of y only.

The Gradient Transfer Approach

To derive the basic equation of the gradient transfer approach, we start with

the equation of conservation of mass for passive particles. (Here, passive implies
that the presence of the particles does not alter the wind field in any way.).
Using indicial notation, the equation is ’

€ .3 =3 (p € . 6-17
at * axi (uic) axi (D axi) S5 ( )

where c is the particle concentration, Uy is the component of the fluid velocity
in the X; direction, D is the molecular diffusivity of the particles in the
fluid and S is a function describing the distribution of sources of the particles.

For the basic problems discussed above, S is given by:

Instantaneous Point Source

S = Qs(x;)8(xz)6(x3-h)s(t)
Continuous Point Source

S = Q8(x;)8(x2)8(x3-h)
Crosswind Integrated Point Source

S = Q8(x;)8(x3-h)

After uy and ¢ are decomposed into mean and fluctuating components in accordance with

our previous discussion of turbulence:
.= u, + ul : -
u_l u'l u'l s (6 ]8&)
and

c=c+c'. (6-18b)

Substituting into Eqn (6-17) and averaging, we obtain
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R 3 s ac :
E't_". '_IE-{U.TE} +E{Uf{: ] = EI:D B_}f:] + 5. {6-19)

Making use of the continuity equation for the incompressible flow

]

_Fl

=0, {6-20}

==

X

—r

Eqn (6-1%3) becomes

o

-

[=F)

c ac _ 4 gnoac
3t Y Ei;‘+ X {u}c'] e (D EI;J + §. (6-21)
Even with a prescribed wind field, Eqn (6-21) s unsolvable due to the presence
of the additional unknown quantity u;c’. One of the simplest wmethods of overcoming
this difficulty, known as the closure problem, is the gradient transport hypothesis.

Allowing for inhomogeneous and anisotropic turbulence,-the hypothesis is

wie” = K5 g‘ﬁ" , {6-22)
J

where Hij is the eddy diffusivity tensor and the minus sign indicates that the
transport is down the concentration gradient. Wotably, the gradient transport
hypothesis is a sound physical model only if the scale of the spatial distribution
of particles is large compared with the scale of the diffusing action. This
condition 1s most nearly met in the case of vertical diffusion from a ground-
level source. A more complete discussion of the limitatinns of the gradient
transport hypothesis 1s given by Corrsin (7).

Substituting Eqn {6-22) dinto Egn (6-21) yields

0 g .0 g BBy LB e .
T ¥ EE;'{ i 3 3K (D axf} sk (6-23)

ac
i] Eifj + 5. {6-24)

= —=.§-—-.{[]-E-§—+K
1 J

u
at i axi axi

Egn {6-24) is still too complex for amalytical solution except in certain special
cases. Therefore, additional simplifying assumptions based on our knowledge of
.the physics of the problem are required:

1. Melecular diffusion is negligible compared with turbulent diffusion.

2, The eddy diffusivity tensor is diagonal, i.e., we assume a concentration

6-10



gradient in the z-direction results in diffusion in the z-direction only
and similarly for the x- and y-directions.
3. Diffusion is negligible in the mean wind direction compared with advection.

With these assumptions and reverting to the coordinate system with x in the direction
of the mean wind, Eqn (6-24) becomes

3c.
y ay) az (K 2 5;0 + S. (6-25)
Adding the convective term W a¢c/d3z, where W is the settling velocity (w
positive in the negative z-direction), to the left-hand side of Eqn (6- 25) to account
for gravitational settling, we obtain the final form
3c ac _ 3

FUSK T Y 3z (Ky Ay

|
+ 0]

(KZ 52 + S. (6-26)
Eqn (6-26), known as the atmospheric advecfive-diffusion equation, is the basic
equation of the gradient-transfer approach.

For the crosswind integrated point source or the infinite crosswind line source
problem, the governing equation becomes (after integration in y)

ac ac ac _ ac

st u o " Ws 37 (KZ 32) + Q8(x)8(z-h) (6-27)
Solutions Using the Grandient Transfer Approach.

Analytic Solutions.

One of the first investigators to solve Eqns (6-26) and (6-.27) was Roberts. In
1923 (8), he obtained solutions for the ground-level instantaneous and continuous
point sources and the continuous infinite crosswind 1ine source with the mean
wind and eddy diffusivities taken as constants.* The inadequacy of this "Fickian"
solution to appropriately describe atmospheric diffusion led Roberts later
(unpublished, see Sutton (1) to derive a solution for the continuous infinite

line source problem with both the mean wind and eddy diffusivity taken as power

laws of height.

Rounds (9) obtained solutions for the elevated continuous infinite crosswind 1ine
source for neutral atmospheric stability with the mean wind and diffusivity taken
as power laws of height based on the profiles of Deacon (10). This solution

did include a constant settling velocity. Rounds also obtained solutions of the
Tine source problem for arbitrary atmospheric stability without settling and for
area sources infinite in the crosswind direction.

*Unless otherwise noted all solutions are for the steady state.

6-11



Godson (11), using an approximate method, extended the applicability of Rounds
solution with settling to cases of non-neutral atmospheric stability and introduced
depcsition into the problem. At the ground, the deposition flux j was defined as

J{x) = W c{x,0) - (6-28)
with the boundary condition

K,->=0 atz =10 (6-29)

retained from Rounds' work, Thus, Godson's solution included deposition by
merely multiplying the ground-level concentration by the settling velocity.

He presented his results in terms of the relative crosswind integrated deposition
rate j/0.

smith {12), in the context of the point source problem, obtained & solution for

the elevated infinite line source using integral transform methods. The mean

wind and diffusivity were taken as conjugate power laws of height (Schmidt's conjugate
power law)

n

U=,z (6-302)

and
T ok=g M, (6-30b)

Using the infinite line source solution, Smith found an exact solution tp the
point source problem for the case n = 1/2, K = KI. Observing that in this
case the crosswind concentration distribution was Gaussian, he then assumed a
Gaussian, crosswind distribution and obtained a solution in the form of an

infinite series for the point source problem for arbitrary n.

In a later paper, Smith (13) cbtained solutions for the continuous infinite line
source that included both settling and deposition assuming the mean wind was
invariant with height. Solutions were presented for various forms of the diffusivity
as a function of height including a case which modeled the occurrence of a
temperature inversion in the atmosphere. To account for depesition, Smith used

the boundary condition proposed by Calder (14)

3c
(K, 57+ &y 2 g =¥l 5 = oo (6-31)



where Wy is a constant deposition velocity. Thus, particle deposition was
assumed to occur at a rate proportional to the ground-level concentration,

the factor of proportionality being the deposition velocity Wy The deposition
velocity is a function of particle size, atmospheric stability and terrain
roughness and must be determined experimentally. In a recent paper, McMahon and
Denison (15) summarized the available empirical atmospheric deposition parameters
including deposition velocity data.

Heines and Peters (16), using Laplace transform techniques, obtained solutions for
the continuous infinite line and point sources under conditions of a constant

mean wind with the eddy diffusivities Ky and K, taken as power laws of the downwind

distance x. They showed that the effect of a temperature inversion was to increase
the ground-level concentration and to push the point at which the maximum ground-
level concentration occurs further downwind. In a subsequent paper, Heines and
Peters (17) re-solved the infinite line and point source problems for a case

that included absorption of the'diffusing species at the ground.

Yeh and Huang (18),tEErmak (19) and Peterson and Seinfeld (20) obtained analytical
solutions to the continuous point source problem. Using a Fourier integral transform
and the Green's function technique, Yeh and Huang obtained a solution for the case

in which the mean wind and vertical diffusivity were power laws of height; the lateral
diffusivity was taken as the product of a power law in height and a power law of

the downwind distance. Using separation of variables and Laplace transform techniques,
Ermak obtained a solution that included both settling and deposition. Deposition

was modeled using the boundary condition given in Eqn (6-31). Both eddy diffusivities
Ky and KZ were taken as functions of the downwind distance x with the mean wind
assumed to be vertically uniform. The settling velocity was taken to be the same
functional form of downwind distance as Kz. Petersen and Seinfeld's solution “included
settling, deposition (as per Eqn (6-31)) and the possibility of removal by a first
order chemical reaction. The mean wind and the diffusivities were taken as constants.
They applied their solution to a problem in which a conversion from gaseous to
particulate matter occurred.

Two rather unique approaches to the diffusion problem were presented by Astarita,
Wei and Iorio (21) and Lebedeff and Hameed (22). Astarita, Wei and Iorio
developed a solution which described diffusion in the x,y-plane by making a
transformation of the independent variables from (x,y) to (¢,y), where ¢ was

the potential function and y was the stream function of the two-dimensional
incompressible flow in the x,y-plane. Using the (¢,y) coordinates, they derived
a solution applicable to arbitrary source distributions in the x,y-plane. The
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solution assumed Kx = Ky = constant and allowed for the occurrence of first order
chemical reaction.

Lebedeff and Hameed obtained approximate solutions to the two-dimensional diffusion
equation (Eqn (6-26)) for ground-level semi-infinite area and infinite

Tine sources using an integral method more commonly applied in boundary-layer theory
(see Schlichting (23)). Essentially the method in this application consists of
assuming a form for the solution c(x,z) in which the z-dependence is specified,
substituting this form into the governing equation and integrating over z to an
upper bound g{x) (diffusion is assumed to be Timited to the depth g(x)). From

this integration, one obtains an ordinary differential equation which can be solved
for the ground-level concentration. Lebedeff and Hameed's solution used wind and
diffusivity profiles based on the Monin-Obukhov similarity theory.

One of the few unsteady solutions to the diffusion problem was presented by Nunge (24).
Nunge solved the problem of dispersion of a cloud, initially of rectangular cross
section, within a three-dimensional rectangular region. The boundaries in the vertical
and crosswind directions were impenetrable. Particular solutions were presented

for two simple wind profiles with the diffusivities taken as constants.

Numerical Solutions. i
Many different numerical techniques have been used to solve the atmospheric advective-
diffusion equation, the most popular being the finite difference method.

Ragland and Dennis (25), using a finite difference scheme, obtained a solution

for the elevated continuous point source problem within a region bounded above by
an impenetrable stable layer (temperature inversion) which they called the mixing
Tayer. Deposition and settling were neglected. The functional dependence of the °
mean wind and eddy diffusivities on height were determined by the height of the
mixing layer, the wind speed at the top of the mixing layer, the net heat flux to
the air and the surface roughness.

Liu and Goodin (26), assuming that the atmosphere below an inversion was uniformly
mixed, integrated the three-dimensional diffusion equation over the depth of the
inversion to obtain an equation which described time dependent diffusion in the
x,y-plane. This equation was then solved numerica]]y to predict carbon monoxide
concentrations in the Los Angeles area. A study was made to test the accuracy

of four different finite difference schemes.



Runca and Sardei (27) solved the time dependent infinite line source problem for
the case in which the mean wind and eddy diffusivity were functions of height using
a mixed Lagrangian-Eulerian finite difference technique. Advection was treated
with a Lagrangian procedure while diffusion was handled in the conventional
Eulerian fashion. This procedure was employed to avoid the numerical diffusion
that may arise when advection is treated with a conventional Eulerian finite
difference scheme.

Another hybrid Lagrangian-Eulerian method developed to combat the numerical diffusion
problem is the particle-in-cell technique. Basically, the technique solves the
advective-diffusion equation by following a number of Lagrangian particles, each
particle representing a discrete amount of pollutant, within a fixed Fulerian

grid (see Sklarew (28) for details). Shei (29) used this technique to solve the
two-dimensional time dependent diffusion equation including settling and thermal
coagulation. Coagulation is the removal of small particles from the atmosphere

by coalescence with larger particles whose gravitational settling is significant.

A second numerical technique that has been applied to the advective-diffusion

equation is the pseudospectral method. Here, space derivatives are computed by

means of finite Fourier transforms, i.e., in spectral space, with the products and the
time integration evaluated in physical space. Christensen and Prahm (30) modified
this method to handle the boundary conditions encountered in atmospheric work. In

a later paper, Berkowicz and Prahm (31) used this refined technique to solve the
continuous infinite 1ine source problem including deposition. The psuedospectral
technique is free from the numerical diffusion problem associated with the finite
difference methods.

Finally, we consider the probabilistic or Monte Carlo method of numerically
solving the advective-diffusion equation. The technique is Lagrangian in nature,
i.e., solutions are obtained by following individual particles as they travel
through the atmosphere. The effect of turbulence is simulated by random

movements of the particles. The mathematical basis of the method was developed by
Chandrasekhar (32) in 1943. He showed that in the 1imit of a large number of
displacements, the probability distribution obtained from a random walk problem

is a solution to the advective-diffusion equation. Thus, an equivalence exists
between following a large number of particles along random flights and solving

the advective-diffusion equation.

Wipperman (33) applied this technique to the continuous point source problem



taking into account the variation of the eddy diffusivity with height by

‘varying the step size of the random walk in the vertical direction. Joynt

and Blackman (34) used the method to obtain a time dependent solution of the
continuous point source problem with the size of the random particle displacement
determined by the intensity of the turbulent velocity fluctuations in the vertical
direction and the ratios of the scales of the turbulence in the mean-wind, lateral
and vertical directions.

Runchal, Bealer and Seagal (35) used a Monte Carlo model to solve several
problems with known analytical solutions. Agreement between the Monte Carlo
simulations and the analytical results was good.

The Statistical Approach

The mathematical basis of this approach was developed by Taylor (36) in 1921

in his classic work on diffusion by continuous movements. The analysis proceeds
as follows.

Consider a homogeneous and stationary turbulent velocity field. Let X be the
deviation of a typical particle from its mean position due to the fluctuating
velocity u' at time t = T. From the usual rules governing mean values in a turbulent
field, we can write

2
—Z‘c—= 9-),é——= zx%‘-t = 2Xu'(T) = %T u'(z) dz u'(T) ,

or

a*® - ZfT u'(z) u'(T) de, (6-32)

where X2 is the mean square deviation (variance) of a large number of particles
(ensemble average).

Substituting ¢ = T+g, where T is a constant, into Eqn (6-32) yields

ettt e

O - of u(Tee) ui(T) de (6-33)

dt
Using the definition of the Lagrangian correlation coefficient, Eqn (6-8),

we obtain

e _ 0 2 -
= 2[T u'? RLu(a) de. (6-34)

Since the field is stationary, u'2 is a constant and RL () is an even function
of £. Therefore, Eqn (6-34) becomes u
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-
ELaR R OT R, (&) de. (6-35)
u

Integrating Eqn (6-35), we obtain Taylor's important result

Y2 =002 [t [T -
X2 =2y fofo RLu(g) dc dT, (6-36)

where X is now the deviation of a particle at time t.

We now consider the applicability of Taylor's result to the study of diffusion of
particles emitted continuously from a source located at a fixed point in a homogeneous
stationary turbulent flow. In the derivation of Eqn (6-36), we considered the
statistical properties of a single particle observed a large number of times.

In the case of a continuously emitting source, we are concerned with the statistics
of a large number of particles as they successively pass a fixed point. However,

in a stationary and homogeneous turbulence .field, the two are identical. Therefore,
Taylor's result is applicable to the diffusion of particles emitted from a continuous
source as long as the particles are passive and no relative motion exists between

the particles and fluid. Extending Eqn (6-36) to three dimensions, using the usual
coordinate system, and allowing for anisotropic turbulence, we have

X2 = 5 2(t) = 2u'2f0tj;T R, (¢) de dT, (6-37a)
7]
V2 - Comaft T
Y2 = 02(t) = 2v'2fit f R (6) e T, (6-37b)
and _ L
22 = o2(t) = 2»,:'2f0‘;j[)T R, (&) de dT, (6-37c)
w

where ¢ is the standard deviation of the diffusing particles. For the case of-a
constant mean wind, t can be replaced by x/u, where x is the distance travelled
downwind, and the o's become a function of x.

Eqn (6-37) is significant in that it completely describes the variance of the
diffusing particles in any particular direction in a homogeneous, stationary
turbulent wind field in terms of only two parameters: the mean square fluctuating
velocity component and the Lagrangian correlation coefficient. Thus, for given
u'2, v'2, w'2 and RL . RL » R the task of obtaining solutions describing the
diffusion process isYreduled t§ finding functions representing the concentration
distribution c(x,y,z,t) which satisfy Eqn (6-37) with



j;wxz c(x,y,z,t) dx

‘ , | (6-38a)
X j;w c(x,y,z,t) dx

g 2 =

[y?c(x,y,z,t) dy
2 =% s

Yo [ exyaz,t) dy
and

g

(6-38b)

*22¢(x,y,z,t) dz
5.2 = Jo d - h2, (6-38c)

z j;mz(x,y,z,t) dz

appropriate boundary conditions and an equation which imposes conservation of mass.

An immediate barrier to obtaining solutions with this technique is deciding

upon the functional form of the correlation coefficients. However, we can deduce
some valuable information about the diffusion process without making any
assumptions regarding RL' Let us consider only the x direction for the purpose
of discussion with similar results applicable to the y and z directions.

Knowing only the behavior of RL'for very short and very long diffusion times,

we conclude from Eqn (6-37)

t-0 R »1 °x2 +u'2 t2 (6-39)

and

t+>e RL +~ 0 °x2 + 2 u'2rtu t (6-40)
Thus, the spread of the diffusing particles, as measured by the standard deviation
of their displacements, is proportional to t for short diffusion times and is
proportional to vt for long diffusion times. For the case of a constant mean wind,
we conclude that the spread is initially proportional to x and ultimately goes as vX

Batchelor (37) has pointed out other useful relations. Performing an integration
by parts on Eqn (6-36) gives

6.2 = 202 f S (t-£) R, (&) de. (6-41)
X 0 u

Eqn (6-41) was first presented by Kampé de Feriet (38) in 1939. Applying the
Fourier transform relation between RL(g) and FL(f) as in Eqn (6-15), Batchelor
shows that Eqn (6-41) can be rewritten as

of = u'? [ () (1-cos 2rft) 4. (6-42)
0 u
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From mathematical analysis of this equation (see Hinze (32), we conclude that for
short diffusion times particle velocity fluctuations of all frequencies contribute
to the diffusion process, whereas for large values of t a particle's diffusion

is dominated by the low frequency fluctuations (large eddies).

Batchelor also derived a relationship between the statistical properties of the
dispersion and the eddy diffusivity of the gradient transfer approach. Assuming
the probability distribution of the particle displacements was Gaussian, he showed
that for the case of an instantaneous point source release in an infinite medium
the diffusion process was governed by a differential equation of the form shown in
Eqn (6-25) with the diffusivities given by

doz —

=1 X - 2ft -
() =g g =u?f* R () de (6-43)

Using the relations of Eqns (6-39) and (6-40), we see that the turbulent diffusivity
should start at_zero, increase linearly with time and finally approach a constant
value given by u'2 T

u

Solutions Using the Statistical Approach.

Sutton, while working on problems related to chemical warfare at the Chemical
Defense Experimental Station, Porton, Wiltshire, developed solutions to the
diffusion problem which form the basis of much of the more recent work employing
the statistical approach. In his earliest work, Sutton (gg) chose the power

law form

ug

R (&) =‘(—Q~) n (6-44)

for the Lagrangian correlation coefficient, where a and n are constants determined
by comparison with experimental data.

In a later paper (41) the form of Eqn (6-44) was replaced by

R (&) =( p— )", (6-45a)
u

v+u'2g
n
WA (6-45b)
and RLV(E) ( sy )
' v 2o/ ( )
- v > 6-45c
W viw'2g



where v i$ the kinematic viscosity of air and the exponent n is determined by
matching the observed wind profile to the power law )

n
i, (_;_]_)2':5 ., 0<n<l . (6-46)
Sutton obtained Eqn (6-46) using von Karman's mixing length hypothesis and

assuming similarity between vertical momentum transport and diffusion. Eqn (6-45)
was considered valid for neutrally stable atmospheric conditions over smooth terrain
A value of n = 1/4, which corresponds to a 1/7 power law wind profile, was

selected as the best fit to experimental data. Sutton (1) later extended the
applicability of Eqn (6-45) to fully rough surfaces by replacing the kinematic
viscosity by the macroviscosity u*k, where u* is the friction velocity and k

the roughness height. (k can be interpreted as a roughness length characterizing
the surface, although by definition it is the height at which the mean wind u

goes to zero. Values of k range from 10'4 m for smooth ice to 1 m for forested or
city areas (see Pasquill (3).) We should note that Sutton's solutions considered

the wind invariant with height, although the power law form, Eqn (6-46), was used
to determine n.

Substituting Eqn (6-45) into Egn (6-37) and integrating, Sutton obtained
2 2n
E'C (ut) (6-47)

where Cx is a constant defined by

1 ]'n
C2=-_ & (” 2) 6-48
<t \ue (6-48)

with similar expressions defined for °y and o,-

Assuming a Gaussian concentration distribution in all three coordinate directions
and a constant mean wind, Sutton derived a function describing the diffusion

of particles released from a ground-level, instantaneous point source located at
the origin which satisfied:

1. the boundary conditions
t-+0 c + 0 except at the origin (6-49)
t > w c~+0



2. the continuity relation

fm c(x,y,z,t) dx dy dz = Q (6-50)
3. Eqn (6-47) with variances calculated using Eqn (6-38).
By performing appropriate integrations, the following solutions were obtained for

ground-level continuous point and infinite crosswind line sources. Continuous
Point Source:

- - 2 2
C(xysz) = —— exp 5 (4 2T (6-51)
C.Cuxe ™ M c2 g2
L] y ZUX y 2
Continuous Infinite Crosswind Line Source:
— )
C(X,Z) = ———_(_)__.I-_‘n—/-z exp {——zzﬂ} (6-52)
VT C,ux C,2x

For the continuous point source, the continuity condition used was

f“’ u c(x,y,z) dy dz = Q. (6-53)

Sutton points out that his solutions are not unique in that distributions of
concentration other than the Gaussian form could have been used and that, in fact,
any distribution of the form ¢ o exp (-yP-z9) with p,q>1 would work equally well.
Using this factj Sutton modified his solution to the infinite 1ine source problem
by changing the exponent of z to 2/(2-n) in an attempt to more accurately take inti
account the variation of wind with height.

In a third baper, Sutton (42) extended his previous work on the continuous point
source problem to treat the case of an elevated source. Imposing the conditions
of complete reflection of the particles at the ground, which implied

j(; ’/;w u c(x,y,z) dy dz = Q (6-54)

and using the previously derived solution, Eqn (6-51), as a starting point the
required solution was obtained by employing the method of images. Thus,

—(2-h)2 -{7z+h)2 -
exp §— 2 exp {—Lf—g%ﬁ} + exp {—if—%%ﬁl > (6-55)
aC C_ux<™" ny -n C,%x cz x)

c(x,y,2) =
* y z z



where the first exponential term in the large bracket represents the diffusion of
particles released at a height h and the second is the image term which describes
diffusion of particles released from a height -h.

Sutton's work, particularly Eqn. (6-55), is of extreme importance because it forms
the basis of what is now called the Gaussian plume theory. To obtain the Gaussian
plume solutions from Sutton's results, we simply express his solution in terms

of the particles standard deviation functions. Thus, in Eqn (6-55) we make the
substitutions from Eqn (6-47)

-

0, = %cyZ 2N, (6-56a)

and
] 2-n
2=1¢02 -

6,2 =5C2x", (6-56b)
and obtain
— _v2 _ -h)2 - 2
clx,y,2) = —L— exp Al fexp —i%%— + exp —%T”‘)T— . (6-57)

2nU0yoz y z z

Using Eqn (6-57), particle concentrations can be calculated for more general
cases in which the functional form of the standard deviation functions are not
Timited to those of Eqn (6-56).

Baron, Gerhard and Johnstone (43) modified Sutton's point source solution (Egn
(6-55)) to take into account particle settling and deposition. Deposition

was modeled by multiplying the strength of the image term (the second term in
square brackets) by a factor a which was a function of the fraction deposited
at any point downwind of the source. However, no explicit solution was obtained.

Later, Csanady (44) developed a closed-form solution for the image multiplier
@y (at ground level) and thus obtained a solution based on Sutton's point source
equation which included both settling and deposition. The fractional multiplier

ao(x) was adjusted such that, at ground level, the boundary condition
J(x,y) = w, c(x,y,0) (6-58)

(the three-dimensional form of Eqn (6-28)) was satisfied.



Settling was accounted for by employing what is now called the "sinking plume
assumption." Here, the mean motion of the particles is taken to be in the
direction given by the vectoral sum of the mean wind u and the constant settling
velocity W . Compensation for settling is then made by replacing the source
height h with h-wsx/ﬁ'in Eqn (6-57).

In a second paper, Csanady (45) extended his earlier work to include (a) a release
height which was a function of downwind distance, as a means of modeling thermal
rise, and (b) to allow for arbitrary forms of the particle standard deviation
functions. The ground-level concentration distribution for a constant source
height given by Csanady is

_ Q(1+e_(x)) 2 -(h-w_x/u)?
c(x,y,0) = ——=—  exp 5L exp)—rS— (6-59).
21ruoyoz y 9
where 2ws .
ao(x) =1 - 2 (6-60)
(uh—wsx) do,
MY @

The deposition flux was then calculated from the ground-level concentration

using Eqn (6-58). Csanady discusses the validity of the substitution h»h-wsx/ﬁ

as a means of accounting for settling and also points out that the introduction

of the.multiplier ag can interfere with conservation of mass and cause total deposition
to exceed emission. He notes that his solution is only an approximate solution

to the advective-diffusion equation with the diffusivities taken as suggested

by Batchelor (37) (Eqn {6-43)).

Overcamp (46) extended Csanady's solution to cover the case in which the deposition
velocity does not equal the settling velocity. Thus, the boundary condition at
the ground was no longer given by Eqn (6-58) but was

J(x,y) = wy c(x,y,0) . (6-61)

Overcamp obtained a solution with the ground-level concentration given by
Eqn (6-59) but with

2wy (6-62)

0 (uh-w x) do,
ws+wd o, dx

which reduces to Eqn (6-60) for the case Wy = W



Settling was accounted for by employing what is now called the "sinking plume
assumption." Here, the mean motion of the particles is taken to be in the
direction given by the vectoral sum of the mean wind U and the constant settling
velocity We. Compensation for settling is then made by replacing the source
height h with h-wsx/ﬁ'in Eqn (6-57).

In a second paper, Csanady (45) extended his earlier work to include (a) a release
height which was a function of downwind distance, as a means of modeling thermal
rise, and (b) to allow for arbitrary forms of the particle standard deviation
functions. The ground-level concentration distribution for a constant source
height given by Csanady is

_ Q(1+a_(x)) 2 -(h-w_x/u)2
c(x,y,0) = —2——  exp ?LT exp -—752— (6-59)
2muc o °y 92
yz
where 2ws .
ao(x) =1 - ——— (6-60)
(uh-wsx) do,
W+ ——S . _Z
s g, dz

The deposition flux was then calculated from the ground-level concentration

using Eqn (6-58). Csanady discusses the validity of the substitution h+h—wsx/i

as a means of accounting for settling and also points out that the introduction

of the multiplier %, can interfere with conservation of mass and cause total deposition
to exceed emission. He notes that his solution is only an approximate solution

to the advective-diffusion equation with the diffusivities taken as suggested

by Batchelor (37) (Egn (6-43)).

Overcamp (46) extended Csanady's solution to cover the case in which the depositjon
velocity does not equal the settling velocity. Thus, the boundary condition at
the ground was no longer given by Eqn (6-58) but was

i(x,y) = wy c(x,y,0) . (6-61)

Overcamp obtained a solution with the ground-level concentration given by
Eqn (6-59) but with

20 (6-62)

0 (ﬁh-wsx) do,
wS+wd o, dx

which reduces to Eqn (6-60) for the case Wy = W,

-
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SCOPE OF PRESENT WORK

Despite a great deal of work on the atmospheric diffusion problem, very few of the
presently available solutions can treat the situation in which both particle settling
and deposition occur. Analytic solutions of the gradient transfer approach are limited
by the mathematical complexities that arise when the diffusivity and settling velocity
are anything but simple functions. A1l solutions based on the gradient transfer hypothesi
whether analytical or numerical, have 1imited applicability in that the basic concept
of the turbulent flux being related to the mean concentration gradient is physically
realistic only when the scale of the transporting mechanism is small compared to the
spatial scale of the distribution. In addition to the obvious problem of determining
the form of the Lagrangian correlation coefficient, the statistically based solutions
commonly fail to conserve mass because the functional form of the concentratiom .
distribution is selected rather arbitrarily (only the second moments of the distribution
are specified by Taylor's result) and a form which is mass conserving and satisfies

the appropriate boundary conditions is not readily available.

Due to the shortcomings of both the gradiéht transfer and statistical approaches, we

have developed a technique which combines the mass conserving property of the gradient
transfer solutions with the probabilistic appeal of the statistical approach. The basis
of our model is the fact that turbulent diffusion may be treated as a stochastic process .
and therefore can be accurately simulated by a Lagrangian probabilistic or, equivalently,
a Monte Carlo model. The model determines deposition by tracking a large number of
particles from release to deposition. The particle's lifetime is divided into finite
intervals or time steps. At each time step, the particle's motion is further broken

into deterministic and stochastic components. Advection by the mean wind and gravitationa
settling are carried out deterministically with the stochasti¢ component simulating

the random movement of the particle caused by turbulence.

Advantages of this modeling tech~ique are: (a) realistic functional forms of the mean
wind and settling velocity can be used, (b) mass conservation is inherent, (c) the
statistical properties of the turbulent velocity field can be used when determining the
stochastic step size and (d)‘§01utions of either the gradient transfer or statistical
approach can be readily obtained.

In as much as the prime objective of this work is to uncover the key patterns of depo-
sition behavior, we shall for the sake of simplicity restrict our analysis in the
remainder of this chapter to the crosswind-integrated problem. This simplification, which
reduces the problem from three to two (x and z) dimensions, is possible because diffusion
in the lateral direction is not affected by settling, deposition or the prescence of

the ground. Moreover, the approach described herein is easily extended to the three-
dimensonal case, if desired.

1
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THE MONTE CARLO MODEL

This chapter describes the formulation of our Monte Carlo simulation of

turbulent atmospheric transport with settling, evaporation and deposition. The
model can, in principle, handle any arbitrary set of ambient conditions, include
any drop or particle model for evaporation and incorporate any of the available
turbulent transport hypotheses. However, we shall present the formulation here

in terms of simple yet physically sound conceptualizations in order to gain insight
into the problem and to better identify major regimes of deposition behavior.

Specific Modeling Considerations

The Mean Wind.

The results of numerous studies of the wind profile in the atmosphere indicate
that the mean wind u can be taken as a function of only the vertical coordinate
z. For neutral atmospheric conditions within the constant shear stress

layer, the generally accepted form for u(z) is the logarithmic-Taw

(z) = & ln('z(—), (6-66)

where ¢ is von Karmon's constant, usually taken to be 0.4, and « is roughness
length. Panofsky (51) and, more recently, Panofsky and Peterson (52) have suggested
that the average depth of the constant shear layer in which the mean wind profile
follows the logarithmic-law can be taken as approximately 100 m.

Although the logarithmic-law of Eqn (6-66) is considered the most appropriate
formula for neutrally stable atmospheric conditions, many investigators (e.g.,
Sverdrup (53), Frost (54), Deacon (55) and Slade (56) have shown that the wind
profile under most atmospheric stability conditions and to heights of 400 meters
can be accurately represented by a power-law of the form

L

uz) = U (Z—)"‘, (6-67)

where ﬁb is the mean wind speed at the height z,. The power-law exponent
m is a function of both atmospheric stability and surface roughness. Irwin (57)
gives values of the exponent ranging from 0.05 for unstable atmospheric conditions
(Pasquill stability class A) and a roughness length of 0.01 meters to 0.69 for
stable atmospheric conditions (class F) and é roughness length of 3.00 meters.
Average values of the exponent for neutral conditions suggested by Counihan

(4) are 0.143 for rural areas, 0.22 for suburban areas and 0.28 for urban areas.

3
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Because the wind profile of Eqn (6-67) has found considerable acceptance in
the literature, we shall adopt it for our use.

Particle Settling. :
The problem of turbulent transport is considerably simplified if the following
assumptions can be reasonably made.

1. The fluctuating velocity of a particle of the size of principal interes
is essentially that of the surrounding fluid; damping of fluctuations due to
particle inertia is very small,

2. The difference between the settling velocity of an evaporating drop
and that of a nonevaporating particle of equal mass and size is negligible.

The convenience afforded by these assumptions is the ability to write the
particle velocity as the vector sum of the instantaneous settling and local fluid
velocities.

To fully justify the above assumptions requires a detailed analysis of the
equations of motion of the particle, a study beyond the focus of the ,
present work. We can, however, intuitively justify the assumptions on the basis
of the following arguments of scale.

Inertial effects are obviously greatest for the largest drops. Although

these large drops (over 1000 um diameter) do not respond to the fluid velocity
as a first order system, a definite relaxation behavior is apparent. The "time
constant" of this relaxation is approximately given by ws/g. Even for a particle
of 5000 um diameter, the inertial time constant is less than 1 second which is
well below the 100 second Lagrangian time scale of atmospheric turbulence. Our
criterion then for accepting the first assumption is

g /v >, (6-68)

which is satisfied for all drop sizes of practical interest. For a more detailed
discussion of heavy particle diffusion see Yudine (58) or Csanady (59).

The amount by which the actual particle velocity lags the settling ve]ocity
of a nonevaporating particle of equal mass and diameter is determined by the ratic

(dws/dt)ev

g s (6"69)



where {dﬂsfdt}ev is the rate at which the particle settling velocity {as a function
of drop size alone} is changing due to evaporation. For all drop sizes of
practical fnterest and for all ambient conditions charecteristic of the atmosphere,
the above ratio is well below 5 X 1073, Thus, the particle velocity can be

assumed to depend only on the instantanecus particle size,

E‘UHEU ration

The particle settling velocity must be considered a function of time to

accurately model the diffusion of evaporating drift particles. The Monte Carlo

model itself does not place any restrictions on how the settling velocity varies

with time. In fact, a droplet evaporation model could be used n conjunction with

the Monte Carlo model to provide a very accurate treatment of particle settling.
However, in accordance with the primary objective of this work we wish to emp] oy

a simple. yet physically realistic, functional representation for the settling velocity
Thus, for modeling purposes, we have selected the quadratic form

ap *+ agt + a3t’ﬂ, t <t {6-70a

z evap 7
wg(t) W .evap, t2tovap (6-70b

where the constants Ays By and ag are determined by imposing the three conditions:

wg (o} = ¥ init, (6-71a}
“s{tevap} = ¥ evap {6-71b)
and
ta,det
0 HS{t] dt = h. {_E_?']c:.

In Egqns (6-70} and {6-71}, W init is the particle's inftial settling velocity,
"s,evap is 1ts settling velocity after evaporation, tevap is the time at which the
particle completes evaporation and tL,det 1s the Tifetime of a particle which
follows a deterministic or simpie ballistic trajectory. Note that for a given

set of ambient conditions, wS,E?ﬂP is the asymptotic settling velocity the particle
would attain if the release hefght was such that the final evaporated state {either
a dry particle or a solution drop in equilibrium with the ambient) could be
reached. Tor solute containing drops, w

s,evap 15 2 positive non-zero quantity.
For pure liguid drops,

W i ;
s,evap 15 Zere

The quadratic form is supported by theoretical studies of droplet evaporation
For example, Fuchs {60) has shown that for pure liquid drops if drop diameter squared
is plotted against evaporation time the result is a straight line of constant siope.
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For small Reynold's numbers, when Stoke's Law applies, the settling velocity is
proportional to d2. Consequently, in this case for pure liquid drops the settling
velocity is a linear function of time and Eqn (6-70) is exact with ag = 0.
Moreover, a numerical analysis of the evaporation problem in the more general
situation of solute containing drops and arbitrary Reynold's number shows that

the quadratic form is a good approximation to the true behayior.

Turbulence

As seen in REVIEW OF PREVIOUS WORK, alternative turbulence models lead to completely
different approaches to the entire atmospheric diffusion-deposition problem. The
eddy diffusivity model leads to the gradient transfer analysis and the necessary
solution of a partial differential equation which expresses conservation of

mass. Modeling turbulence along the lines of Taylor's hypothesis, i.e., using

the Lagrangian time correlation to obtain the variances of the particle distribution
the so-called Gaussian plume dispersion parameters, leads to the statistical approacl
In this method, solutions to particular prbb]ems are developed from the knowledge

of the second moments of the particle concentration distribution, appropriate
boundary conditions and a continuity relation.

Efforts have been made to reconcile these two alternatives. For example, Batchelor':
(37) result, Eqn (6-43), relates the diffusivity to the variances of the particle
distribution for the case of an instantaneous point source release of non-settling
particles in an infinite medium.

For the case of a continuous point source in a turbulence field with a constant
mean wind, Eqn (6-43) with the substitution t = x/u becomes

K(x)=g dz. (6-72)

The generality of this result, however, for more realistic situations in which
particle settling or the presence of the ground must be accounted for is unknown.

A L4

Taylor (61) points out a rather serious problem for cases in which the diffusivity

is taken as a function of diffusion time or downwind distance. Consider, for example

a situation in which two point sources, one located upstream of the other, are

continuously emitting particles into the atmosphere. By the linearity of the

diffusion probiem the combined solution can be obtained by simple superposition

of the separate point source solutions. The difficulty arises in that at points

where the individual distributions overlap, two different diffusivities must be
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applied at the same time and same point in space. Therefore, we see that the
indiscriminate use of a diffusivity which varies as time or distance downwind can
lead to anomalous results. On the other hand, the constant asymptotic value

of the diffusivity for diffusion times which are large compared to the Lagrangian

time scale, i.e., K (t>rL ) = w' TL » 1s a physically meaningful property of the
turbulence field. w

In practice, the most common turbulence modeling approach is the use of Gaussian
plume dispersion parameters defined as functions of x, the distance downwind from

a point source, parameterized by routinely available meteorlogical data such as
insolation, cloud cover, surface mean wind speed and the extent of the fluctuations
in the wind direction. Investigators that have developed such stability
classification schemes and presented graphs of g, versus X include Pasquil]
(3,62,63), Gifford (64,65), Cramer (66,67), Briggs (68), Calder (69) and Singer

and Smith (70,71). The work of Pasquill and Gifford has found the greatest rec-
ognition and acceptance and hence, many times the charts relating the dispersion
parameters to downwind distance are called Pasquill-Gifford curves. As an example
of a dispersion parameter model, Table 6-2 shows the Pasquill (62) stability classi-
fication scheme and Figure 6-4 gives the corresponding dispersion parameters as a
function of downwind distance as presented in Turner (72).

Reasons for the formulation of such curves include: the general acceptance of

the Gaussian plume formula as a means of estimating particle concentrations, the

need to compensate for the inadequacies of the statistical theory which, being based
on a homogeneous, stationary turbulence field, breaks down in atmospheric applications
(compensation is made by adjusting the functional form of the dispersion parameters
and therefore, typical Pasquill-Gifford curves do not even possess the theoretically
predicted asymptotic behaviors) and perhaps, the relative ease of experimentally
obtaining the dispersion parameter as compared to the Lagrangian correlation co-
efficient or eddy diffusivity.

The principal inadequacies in the use of the Gaussian dispersion parameters

as a means of modeling turbulence are a consequence of the dissimilarities between
the physical situations to be modeled and the experiments from which they were
derived. Included among the deficiencies are: (a) most of the experimental
studies from which the dispersion parameters were calculated were of Tow level
releases, (b) the studies involved particles which behaved as gases (no settling),
(c) ca]cu]at1ons performed upon the experimental data to obtain the dispersion
parameters assumed a constant mean wind, (d) most experiments were over rather
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smooth (k = 3 cm), level terrain, (e) the curves for large downwind distances

are extrapolations and (f) the estimates of o, apply only to release times greater
than the time required for the vertical particle distribution to respond to

the entire spectrum of the vertical component of turbulence. Pasquill (63)
suggests that for the dispersion parameters presented in Fig 6-4 this limiting
sampling time be taken as 10 min for source heights greater than or equal to 100 m
and be given by (h/10) min for h less than 100 m. Adjustments to the curves, in
the form of correction factors, to compensate for some of the other points Tisted
above are also given by Pasquill.

Since it is not the purpose of this study to develop a turbulence model, for
simplicity and to make model comparisons possible, we shall use the Gaussian dispersio
parameters as a means of modeling turbulence despite their known shortcomings.
Specifically, we shall use power-law fits of the revised o, curves developed

by Smith (see Pasquill (3,63)). Thus, we have

¥4

o, = ax>, 0.5¢s<] (6-73)
where the constants a and s are determined by surface roughness and atmospheric '
stability. These revised estimates of the dispersion parameter differ from those
presented in Fig 6-4 in two respects: (a) adjustments for roughnesses differing

from that of grassland (k = 3 cm) have been added and (b) the accelerated growth

of o£ with downwind distance for the more unstable stability classes no longer appears
Values of the coefficient a and power-law index s for a roughness length of 10 cm

and three different stability classes are shown in Table 6-3.

It must be emphasized, however, that the Monte Carlo model has the capability
of using any turbulence model which can be cast into a statistical framework as
discussed below.

The Monte Carlo Equations
The equations governing the movement of a particle are

1 _ i, i i
X = x + Uavg At (6-74)
and ) ) ) )
AL P a'rgl - w;av At, (6-75)
where ti g
S Y :
Uavg = 2 /;1-1 u(z(t)) dt (6-76)



i

and i -
W= Zﬂ:‘/:M w (t) dt (6-77)

avg

~along with the initial conditions

xX°=0 at t°=

|
o

(6-78a)
and
O=h at t°-=

N

]

I
o

(6-78b)

Eqn (6-78) simply implies that the source is located at the point x = 0, z = h.

Here, the superscript i indicates a value at time i, x is the position of the particle
in the direction of the mean wind, z is the vertical coordinate of the particle and

At is the time step. The meaning of the remaining terms will be described below.

Eqn (6-74) represents the completely deterministic movement of the particie

in the direction of the mean wind. Diffusion has been neglected relative to
advection, a realistic assumption since for typical atmospheric conditionsﬂla?éli
is oﬁ the order of 0.1. Thus, at each time step the particle is simply advected a
distance E:vg At by the mean wind.

On the other hand, Eqn (6-75) is composed of two distinct components: the deterministic
's:avg At which is very similar to the advection by the mean wind,
representing the particle's settling and the stochastic component dlrnd which

models the random movement of the particles caused by turbulence. For our
simulations, we chose the nd from a population of normally distributed random
numbers with mean zero and standard deviation one, although random numbers from

any other distribution could have been used just as easily. This choice was made
because of both the probabilistic arguments based on the Central Limit Theorem and
the experimental evidence indicating that the fluctuating velocity w' is distributed
in a Gaussian manner. Both the partial and total correlations between the random
numbers used at different "time steps" were zero, so that each random displacement
was independent. This independence, however, does not 1imit the applicability

of our method since it can be shown that random movements with any specified
correlation, e.g., Taylor's (36) Markov process, can be attained using independent

random variables by appropriately selecting the o'

movement -w

ci is the standard deviation of the particle's stochastic movement at time i
and thus can be considered a measure of the diffusing power of the turbulence at
time step i. The specific form given to o' is dependent upon the turbulence model



employed. Thus, the only requirement placed on the turbulence model in the Monte
Carlo simulation isrthat an equatjon in some form, algebraic, Qifferentia],

or integral, can be written for o'. Here, we shall show how o' can be related to
the statistical properties of the turbulence through Taylor's result, the eddy
diffusivity and the Gaussian plume dispersion parameters.

Taylor's result, Eqn (6-36), which has been rewritten here for convenience,
relates the variance of the particle distribution to the root mean square of the
fluctuating velocity and the Lagrangian time correlation.

— rtrT
ozz(t) = 2w'2 ﬁ[) RLw(g) dg dt (6-36)

Since the random numbers are all independent,

%97 T =1

2 = % ()2, | - (6-79)

where N=t/At is the number of steps. Combining this result with Eqn (6-36)
we obtain

i T
. — t
1y2 = oyt2 /_/ R, (&) dg dT (6-80) -
(¢) 2w ¢ 1 o Lw
which can be rewritten as
. . . i A
(6")2 = 2w'2 ¢ / i1 r(T) dT3 (6-81)
where wJ/ t
r(t) = - ft R (€) de. (6-82)
Lw o w

Expressing o' in this form shows clearly that as t becomes large, g approaches .
a constant asymptotic value given by 2w'?2 1, At. The function r(t) corresponding
to the correlation coefficient presented in Vig 6-2 is shown in Fig. 6-5.

Given an eddy diffusivity as a function of downwind distance, as suggested
by Batchelor's result for the continuous point source, the appropriate equation relating

01 to the diffusivity is

(6h)2 =2k, 0 oty - (6-83)
where . i
" Y K, (x(t)) dt. (6-84)

Z,avg At ti-]



When using thg Gaussian plume dispersion parameters as a means of modeling
turbulence, o' takes the form

(612 = o 2(x(th) - o 2(x(tiT)). | (6-85)

Returning to the Monte Carlo equations, we next point out that the absolute

value in Egn (6-75) is necessary to simulate the no-turbulent-flux boundary condition
at the ground,

%€-0at z=o0. (6-86)

This boundary condition was chosen over the deposition velocity form as given in
Eqn (6-31) to avoid the mathematical difficulties and anomalous behavior associated
with the deposition form. Like the turbulence treatment itself, many unresolved
issues surround the treatment of turbulent deposition. Both of these métters will
be addressed more fully in future work. In the Monte Carlo simulation, Eqn (6-86)
is invoked by reflecting any particle that would strike or move through the ground
on a stochastic step back into the diffusing field.

Summarizing, we have shown that, in the Monte Carlo model, the turbulent diffusion
process is simulated using Eqns (6-74) and (6-75) and either Eqn (6-81) when a
Lagrangian time correlation coefficient is specified, as in the statistical
approach, £qn (6-83) when an eddy diffusivity is given, as in the gradient transfer
solutions or Eqn (6-85) when employing the Gaussian plume dispersion parameters.

Nondimensionalization of the Diffusion Problem

We seek a nondimensionalization of the problem with a minimum number of
parameters. Analysis of the Monte Carlo equations, Eqns (6-74) and (6-75)
yields the following

T. X Tt
= _SC =2 = _S€ =9
Xy = 2 s Zy T h o Ty Y i
r
W W W
_ S¢ _ teva _ Sinit Sevap
h* = T s O = t ’ B = '—W——'_ ’ = W ’ (6'87)
sC 2,det S¢ S¢
_ — w_(t) cu_h jﬁ}h
ux(zy) = u_(_Z) > Wy (ty) = VS,, s Cx = - > and jy = TQq ?
Uy * S¢ sC

where E} is a reference value of the mean wind, TSC is a turbulence scale whose
specific form depends on the turbulence model employed, Wo is a characteristic
settling velocity defined by ¢

[



- h | (6-88)

W
s¢ tz,det

and j is the deposition flux .

The advantage in using a settling velocity scale as defined in Eqn (6-88)

is that Wee is weighted according to the fraction of the total particle lifetime
spent evaporating. Thus, as tevap/tz,det approaches zero (small particles), oo
approaches w and for the case of a constant settling velocity (8 = 1) or for

s,evap

cases in which t approaches infinity (large particles), W approaches

evap/tz,det
ws,init'

Dividing Eqn (6-70) by W and imposing the conditions given in Eqn (6-71)
yields the following expr@ssion for the nondimensional settling velocity W .

*
8+ bin+byn?, n<a (6-89a)
we (n) = v, n>a (6-89b)
*
where n=h*t*=t/t£ det The constants b; and b, are given by
a<l: by= '4“(8'Y32+ 6(1-y) (6-90a)
b2= 30‘(B'Y)a; 6(]'Y) (6-90b)
2(B-y) - 6a2(p-
arl: by= (i Y3(3a_;)(3 1) (6-91a)
- 6a(g-1) - 3(g-vy)
b,= o (3a-2) (6-91b)

The particular expressions for TSC corresponding to each of the turbulence models
discussed in Turbulence are shown in Table 6-4 along with the appropriate expression

for o.

Dividing Eqn (6-67) by U}, we obtain the nondimensional wind velocity profile. Thus,

Upl(ze) = 2", (6-92)
where u_ is given by
r u
- _ "o
u, = Zm (6-93)

The nondimensional dispersion parameter o, 1is obtained by dividing Eqgn (6-73)
*
by h. Thus,



S

2, " Z, 7, (6-94)
where 1
={2\S T h2
T, (h> T h (6-95)
which implies the reference value X, has been taken as
1 1
1 25-1 h S
= (3) (3) - (6-%6)

Substitution of the nondimensional variables into the Monte Carlo equations gives

xi+1 = xi + ii, avg (6-97)
and
i+ _ i i - i -
z, = |z, + o*irndl h*ws*,avg Bty (6-98)
where ) ty :
Uy ,avg = Al*f -1 u, (z.(ty)) dt, ‘ (6-99)
and t*
i 2 -
ws*,avg o f i-1 ws*(t*) dt, . (6 100)
The dimensionless initial conditions are
X =0 at t,°=0 ' (6-101a)
and
2,2 =1 at t0=0. (6-101b)

From Eqns (6-97) and (6-98) we conclude that

c* C*(X*,Z*,t*;h*,s,a,s,‘Y,m) (6-]023)
and

Ja = Jp(XpsZartysheS,a,8,7,m). (6-102b)

Thus, in the most general situations, the diffusion probiem is characterized

by six parameters, namely, h,, s, a, 8, v, and m. However, usually only two or
three of these parameters are needed to characterize a problem; in many cases, onl:
the parameters h, and s are significant.

To the characterizing parameters we attach the following physical interpretations.

a. h, relates the stability of the atmosphere to the rate of settling and
deposition and can be thought of as the ratio of the characteristic settling
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velocity. W to the mean turbulent transport velocity Tsc/h. In the case of
a diffusing gﬁs or for extremely unstable atmospheric conditions h, approaches
zero. Conversely, for large particles or very stable atmospheric conditions
h, approaches infinity. For the diffusion of drift particles under typical
atmospheric conditions, h, falls into the range 0 < h, < 1000.

b. a is the ratio of the total evaporation time to the lTifetime of a drop
following a deterministic trajectory. For very large drops, o approaches infinity
whereas o goes to zero for small drops.

c. B is ratio of the particle's initial settling velocity to the characteristic
settling velocity. For the case of a constant settling velocity, g = 1. As a
becomes large, g approaches unity.

d. v is the ratio of the particle's settling velocity after evaporation to the
characteristic settling velocity. For cases in which o approaches zero, y
approaches unity.

As a final point, we note that when comparing cases in which different turbulence
models have been employed equal values of the parameters s, h,, a, 8, ¢ and m
will generally not yield the same dimensional results because of the different
meanings of the various turbulence scales Tsc‘

General Description of the Computer Program

A Fortran program MONTEC was written to perform the Monte Carlo simulations. A1l
calculations are made using the nondimensional equations presented earlier.

The execution time of MONTEC ranges from 3 to 20 seconds on a CYBER 175, depending
on the number of particles required and the complexity of the case. ' Considered
below are two important features of the program: (a) the generation of the
normally distributed random numbers and (b) the criterion for selecting the

size of the time step.

The normally distributed random numbers were generated using an algorithm, called
the polar method, due to Box and Muller (73) as outlined in Knuth (74). The
method has essentially perfect accuracy, i.e., the statistical properties of

the random numbers so obtained are essentially those of the normal distribution.
We compared the speed of generation of the polar method to that of a technique
developed by Marsaglia, MaclLaren and Bray {75), one of the few methods which

like the polar method gives essentially perfect accuracy, and found the polar
method to be faster in terms of computation time. The latter algorithm requires



machine - dependent opérations (maskfng and shifting of bits). Consequently, the polar
method has the added advantage of code portability.

Since the Monte Carlo technique is free from numerical instability in the usual
sense, the size of the time step is selected to assure that the effect of turbulence
is adequately simulated. Thus, the time step At, is calculated using

Aty = 1/( ) (6-103)

Nstepsh

where N is usually taken to be 20-100 depending on the value of h,. Use of

ste
Egn (6-103§ guarantees that on average a particle will experience approximately

NStep stochastic movements before striking the ground. (A particle following
a deterministic trajectory is deposited at time t, = 1/h, for the case of a
constant mean wind.)

MONTEC is supported by a supplemental program PLTMONT which calculates and plots
the nondimensional deposition flux j.(xx). The basis of the calculation is the
continuity relation

L7 ix) dx =0 (6-104)

which in nondimensional form is

ST dalx) dx = 1. (6-105)
Physically, Eqn (6-105) simply states that all particles must eventually be deposited

The nondimensional net deposition rate J,(x,), the ratio of the number of particles
deposited to the total number released, is defined as

Xy
(%) =fo Jaley) dey. (6-106)

From Eqns (6-106) and (6-105), we observe that J,(x,) is a nondecreasing function
of x, with asymptotic values

1l
o

J,(0) (6-107a)

and

il
—

Jo(=) = (6-107b)



Additionally, differentiating Eqn (6-106) we have

dd,
j*(X*) = a;:'(x*)- (6-]07C)

Thus, J.(x4) can be considered a cumulative distribution function with j,(x,)
the associated probability density function.

The cumulative distribution function cannot be determined exactly from the Monte
Carlo simulation since only a finite number of particles are used. However, an
estimate of J,(x,) can be obtained from the x, coordinates of the deposited particle
using the relation

(number of particles deposited at distances < x,)

J (x4) = (6-108)
*agt\ ¥ Nre]

where Nre] is the number of particles released.

Parzen (76) shows that J est(x*) is essentially a binomially distributed random
—— * 9
variable with mean and variance given by

: 3J*,est<x*)§ = 3.(x) (6-109)

J*(X*) []‘J(X*)]

Vo 1pscp (X )2 = , (6-110)
ar 3 *2agt ¥ Nre]

where E implies an expected value in the usual probability sense. Thus, as

anticipated, as the number of particles released becomes large, J est(x*) converges
* 9

to J,(x,).

Numerous techniques exist which can be employed to obtain an estimate of the
probability density function (see e.g., Parzen (75), Wegman (77, 78), Whittle (79),
Rosenblatt (80). The method we have selected uses a least-squares routine to fit
the cumulative distribution function estimate J*,est(x*) with a function which can
be differentiated analytically.

As a measure of the "goodness" of the density function estimate, we used the average
square error criterion as defined in Wegman (77),

AS.E. = — § \Ej*,est(x*) - j*(x*i):l 2, (6-111)
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where "dep is the number of particles deposited. Using this criterion, we
compared our method with several technigues discussed in Wegman (78} for a few
simple cases fn which the exact solution (density} is known. The accuracy of our
technigue was found te be comparable to the "best" methods cited in Wegman. A
very important advantage of cur method is that, unlike many of the alternative
techniques, no unknown "smoothing" parameters are required.

RESULTS OF THE MONTE CARLO MODEL

The results of the Monte Carlo medel presented here are limited to verification
of the model by comparison with analytical solutions of the transport problem,
Table 6-5 summarizes the various cases to be considered, indicating relevant
paramgters for each case.

Ongoing work includes:

{a) The comparison of the Monte Carlo model with other models for transport
with deposition and constant settling velocity. {Only h, and s are
important. }

{b) The comparison of the Monte Carlo model with other models for transport
with deposition and evaporation.

Yerification of the Monte Carlo Model

The Monte -Carlo turbulence modeling scheme was verified by comparing the Monte
Carlo calculated dispersion parameter L with the analytical expression given

by Pasquill (3} (Egn (6-96)}. To reproduce the analytical dispersion parameter,

the continuous point sourge problem without settling or deposition must be solved.
The analytical solution to this problem which satisfies the zero gradient condition
at the ground is simply the Gaussian plume formula (Eqn (8-57)). Thus, by comparing
the analytical and Monte Carlo calculated dispersion parameters, we are ESEEntTa]]}
testing if the Monte Carlo model can reproduce the Gayssian plume splution.

Figure 6-6 shows the analytical and Monte Carlo calculated nondimensional parameter
0w plotted against downwind distance x, for the neutrally stable case 1isted in
Table 6-3. The Monte Carlo values were obtained by using the discrete analog of
Eqn (6-38c). Agreement between the Monte Carlo and analytical results is good.
Similar results were obtained for the other stability classes.

The results of the Monte Carlc model were compared to those of Ermak {19} to test
the Monte Carlo treatment of deposition and settling, Recall that Ermak's solution
is an exact solution to the gradient transfer equation for the continugus paint

6-40



“source problem with settling and deposition. However, the physically unrealistic
assumption that the settling velocity and eddy diffusivity have the same functional
form must be made, i.e.

ws(x)[Kz(x) = constant. (6-112)

Since Ermak expresses his solution in terms of the Gaussian plume dispersion parameters
oy and a, by employing Batchelor's result (Eqn (6-72)), Egqn (6-112) becomes

ws(x)/(dog/dx) = constant. (6-113)

After substituting for a, and converting to nondimensional form, we have

Wea(xe) = 25(hyx,) 2571, (6-114)

This form is very restrictive and totally unrepresentative of typical settling

velocities, except, for perhaps, the special case of 2 = 1/2 and LA 1, This
*

implies constant settling velocity and constant eddy diffusivity.

Ermak's solution satisfies the deposition velocity boundary condition given in
Eqn (6-31). However, by imposing the condition

Wy = W, (6-116)
the solution can be made to satisfy the zero gradient condition used in the Monte
Carlo model.

Invoking Eqn (6-116), the nondimensional ground-level concentration for the crosswind-
integrated point source as given by Ermak is

C*(X*,O) = exp 2 2

~(h, 2 2 - 1>2{

n, o

erfc i /Ebz (6-117)
*

_h*25 exp (;h*Zs
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For this case, the nondimensional deposition flux is

e(xe) = 25 h2S X257V ¢ (x,,0). (6-118)

In Figures 6-7 through 6-12, the Monte Carlo’and Ermak nondimensional net deposition
rate J, and deposition flux j, are compared for three representative cases. Agreemen
between the Monte Carlo results and Ermak's exact solution is good over the full rang
of h,. Moreover, the Monte Carlo model does well for both constant settling
velocity cases (s = 0.5) and cases in which the settling velocity is a function of
time (s = 0.76). The plots of j, give an indication of the accuracy of the density

" estimation technique we have employed. Agreement between the analytical and Monte
Carlo results also shows that the zero-turbulent-flux condition at the ground is
handled correctly in the Monte Carlo program.

The deposition pattern of Fig 6-10 is typical of large h, cases. As h, approaches
infinity, the j, density approaches a Gaussian form with mean and variance given by

=
mean = q, (6-119a)

and
. 1
variance = . (6-119b)
_ n ZHT)

The ability to draw more incisive conclusions concerning the general behavior
of the deposition rate is severely limited by the restrictive form required by
the Ermak analysis.

In summary, we have shown:
1. The Monte Carlo results are in good agreement with analytical solutions
over the full range of h,.

2. Turbulence, deposition, settling and the boundary condition at the ground
are treated correctly.

3. As h, becomes large, the ground-level deposition flux j, becomes Gaussian
with mean and variance given by Eqn (6-119).

+ . . N
For convenience the est subscript has been dropped from the Monte Carlo J*est and
Jxgst results.

°
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Surface
wind speed

(m/sec)
<2
2-3
3-5
5-6
>6

Table 6-2

Key to stability categories

Insolation

Night

Strong Moderate Slight

A A-B
A-B B
B B-C
C C-D
c D

B

o O O O

Thinly overcast
or > 4/8 low cloud

o o m

D

(for A-B take average of values for A and B etc.)

< 3/8
cloud

o o m m



Table 6-3

Stability class ' Coefficient a
A (very unstable) 0.279
D (neutral) 0.199
F (moderately stable) 0.117

x and o, in meters, This power-law approximation

Index S

0.90
0.76
0.67

good only for x < 10,000 m



Table 6-4

Model Basic Quantities 12
ti
Statistical Approach w2, T ZWTz'rL j.. ] r{t) dT, wZ
W Wt
1 t
r(t) = 7 Jo RLw (£) de
W
. i
Gradient Transfer k(x) 2 Kavg At

Gaussian Plume o_(x) o.2(x(t")) - ozz(x(t1']))
Dispersion Parameters

+ . S . . .
The subscript r indicates evaluation at some convenient reference point.




Table 6-5

. h  number of

Figure number m s * a By particles
6-6 0 0.76 0 - - - 4000
6-7, 6-8 0 0.5 5 - - - 4000
6-9, 6-10 0 0.5 80 - - - 4000
6-11, 6-12 0 0.76 1.0 - - - 4000
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Figure 6-1, Coordinate system
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6-59

DISTANCE DOWNWIND, km

Vertical dispersion coefficient as a function of downwind distance
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Section 7

SENSITIVITY STUDY OF DRIFT MODEL PREDICTIONS TO CHOICE
OF BREAKAWAY METHOD

INTRODUCTION

At this point in our program to develop a drift model for single natural-draft
cooling towers, we have completed (a) a calibrated and validated plume rise mode
and (b) an improved drop]et evaporation submodel. Our decision to use the
ballistic method at present requires only a choice in breakaway criterion. Lack
of experimental data on the precise way in which drift droplets break away from
a cooling-tower plume has Ted us to test the four most popular methods in additic
to one method we developed. Our testing included:

1. -a sensitivity study to assess the actual differences that result
from use of the various breakaway criteria, and

2. evaluation of our drift model through model/data comparisons to
field data taken at Chalk Point.

Results from the sensitivity study and the model/data comparison study appear in
Sections 7 and 8, respectively. Our final choice of breakaway method among the
five tested will depend upon the results of those two studies.

FORMULATION OF SENSITIVITY STUDY ON BREAKAWAY CRITERIA

As noted above, our single-tower drift model is put together in piecewise fashior
by combining the NDCT plume model with the droplet evaporation model through the
breakaway criterion. The breakaway criteria being studied are:

1. droplet settling velocity becomes just greater than the updraft
velocity at the plume centerline. This breakaway criterion is used
in the Overcamp-Israel (1) and ESC/Schrecker Models (2) ...Cri-
terion #1.

2. droplet vertical fall in the plume just becomes larger than the
local plume radius measured vertically. The Wigley-Slawson (3)
and Hanna Models (4) use this method ...Criterion #2.

3. lateral droplet displacement from the plume centerline just becomes
. equal to the initial plume radius measured at the tower top. This



criterion is used in thé Wolf I and II Models (§) ...Criterion #3.

4, modification of Criterion #2 in that the drqp never actually breaks
away from the plume but is under the influence of a Gaussian dis-
tribution in vertical velocity, vapor concentration, and tempera-
ture centered about the plume centerline. See Table 7-1 for a
listing of the equations used to describe the method. This method
was developed at the University of I11inois...Criterion #4.

5. fraction of droplets of each size range breaks away from the plume
(at each downwind AX) dependent on settling velocity, wind speed,
and local plume radius. This method is used in the recent Hanna
drift model (6) ...Criterion #5. ‘

We begin our parametric study by choosing a set of representative conditions at
the Chalk Point natural-draft cooling tower. In the study we follow the tra-
jectory and physical characteristics of one droplet through the plume and to
final deposition. For each case calculated, only one ambient or initial droplet
characteristic is changed in order to study the effect that change had on droplet
path and character. Our standard case is repreéented by the following:

° Tower geometry and exit conditions:

-- height of tower 124.Tm
-- exit diameter of tower 54 .9m
-- exit velocity of tower 4.0 m/s
-- exit temperature of tower 30.0°C
° Ambient conditions:
-- wind speed 4 m/s {uniform)
-- dry-bulb temperature 10°C (uniform)
-- relative humidity 70% (uniform)
. Droplet conditions:
-- diameter 200 microns
-- salt concentration 0.005 g NaCl/g soln.

Note that the ambient environment has constant properties...wind speed, dry-bulb
temperature, and relative humidity. The ambient atmosphere being of uniform
temperature is therefore isothermal and stable. We consider this situation as
our standard case. Computations are made with our drift model for the 200 um
drop only and we seek the following information:

1. path of the droplet while in the plume, through breakaway and to
the ground.

2. the height above ground and downwind Tocation of the drop upon
breakaway from the plume.

3. deposition distance downwind from the tower and the diameter of the
droplet as it strikes the ground.



This information for the standard and other cases will be presented in graphical
as well as tabular form for easy interpretation. We are interested in the effects
on the above-listed quantities due to changes in the following parameters:

° droplet diameter: |

-- from 200 um to 50, 100, 300, 400, 500, 600, 700, 800, 900,
1000 um

® .ambient temperature:
-- from 10°C to -10°, 0°, 20°C.

. ambient relative humidity:
-- from 70% to 30, 80, 90%.

) ambient wind speed:
-- from 4 m/s-to 1, 5, 10, 20 m/s.

° droplet salt concentration:
-- from 0.005 g/g to 0.05 g/g.

Note that in each case, only one parameter is changed at a time from the standard
case and that we are always following just one droplet. In order to test the
effect of our assumption of uniform ambient conditions, we set up three more
cases to study. Each of these three fictitious cases allows only for average
ambient conditions over plume height to equal 10°C, 4 m/s, and 70% relative
humidity except that we have ambient variations with height which represent
neutral, moderately unstable and moderately stable environments. The precise
definition of these environments is given in Table 7-2. With these three varia-
tions, we will be able to determine the difference in drop path and drop charac-
teristics between (a) variable environmental conditions and (b) averages of those
variations representing uniform profiles for temperature, humidity, and wind speed.

Recall again that the model we are testing is a combination of the ANL single"
tower plume model (from Vol. 2) with the University of I1linois droplet evaporation
model, linked together by a choice of any of the above five breakaway criteria.

No droplet evaporation or condensation is assumed to occur during the droplet's
traverse through the plume (except Criteria #4).

RESULTS OF SENSITIVITY STUDY

Graphical results of the calculations described above are presented in (Figure 7-1
to 7-30). At times two different scales are employed to focus in on (a) the drop
trajectory within the plume, and then (b) the drop trajectory after breakaway.

The results in (Figure 7-1 to 7-30) are summarized in terms of key information in
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(Figure 7-1 to 7-30) and Table 7-3. The effect of parametric variation on breakaway
criterion #5 (new Hanna method) is presented in Table 7-4 only. Clearly, Criteria
#1, 2, and 3 provide only one breakaway location in the plume for any drop.
Criterion #4 provides no point of breakaway for any droplet since it allows for a
continuous transition between drop environment and ambient environment. Within

any droplet size range, the new Hanna method provides for a fraction of the droplet
mass emission to break away from the plume at each AX downwind. The method attempts
to account for plume turbulence in dispersing drops within the plume by allowing

a certain fraction of droplets to break away at any AX. The effects of such a
breakaway criterion is difficult to plot due to the large number of trajectories
that result from any droplet size class; consequently, we present the results in
only tabular form giving the fraction of initial mass flux of that droplet size
that breaks away between downwind locations Xi and Xi-AX.

The effects of droplet diameter variation are quite interesting (Figure 7-1 to
7-11) and Table 7-3. For the small diameters, 50 um and less, the heights of
release from the plume are essentially at the plume centerline at the downwind
location where the plume enters the diffusion phase. Actually, we inserted logic
into our drift code to assure that if a droplet did not release from the plume
before the béginning of the diffusion phase, it would necessarily be released at
that cross-section. That assumption is common to all drift models. Beginning at
Do = 100 um and continuing to larger drop diameters, we notice differences in the
effects of the different breakaway criteria. We notice that for all diameters
between 100 and 800 um, Criterion #1 (settling velocity greater than or equal to
the local centerline vertical velocity) provides the latest and highest locations
of droplet release from the plume. The earliest release in each case occurs for
Criterion #3 (horizontal drop deviation from plume centerline greater than or
equal to the initial plume radius). We expect the relationship between release
points for Criteria #2 and 3 since the local plume radius measured vertically is
nearly always larger than the initial radius. Consequently, a criterion based

on initial plume radius should lead to earlier breakaway. Apparently, the
difference between horizontal deviation of drop location from the centerline and
a vertical deviation with respect to the centerline (which is a secondary differ-
ence between Criteria #2 and 3) is not very important.

In general, for drop diameters between 100 and 600 um, Criterion #4 leads to

apparent breakaway before Criterion #2 yet after Criterion #3. Earlier breakaway
than Criterion #2 here is probably due to the simulation of the vertical plume
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velocity (in Criterion #4) as Gaussian-shaped (more attenuated vertically) rather
than top-hat.

Another interesting feature shown in (Figure 7-1 to 7-11) and Table 7-3 is that
Criterion #2 releases drops from the plume slightly further downwind than Criter-
ion #1 for drop diameters 50 ym - 300 um. This is due to the fact that those
drops generally release at the downwind plane where diffusion begins and this
Plane is tilted with respect to the horizontal (the criterion for the beginning
of the diffusion phase in our plume model is the centerline Tocation where the
local densimetric Froude number of the .plume is zero, not where the plume has
leveled off). Since the final plane of calculation is tilted, there is the possi-
bility that drops have fallen below the jet centerline and have become displaced
downwind a little further than is the centerline location. It should be noted
that it is the vertical deviation of droplet release points from one another that
is most crucial in determining relative deposition distances (since the wind
speed acting horizontally is usually much greater than the drop settling velocity
acting vertically) rather than the horizontal deviations that are presented at
breakaway points.

For drop diameters 600 um - 900 um, we find that the drop release points, in

terms of height above ground and downwind location, find themselves in the order
1, 4, 2, 3 in terms of magnitude. For D0 = 1000 um, all criteria lead to the drop
falling back into the tower (except Criteria #4); for Criteria #2 and 3, the

drop actually rises a little but falls below tower height for X < Ro’ the tower
exit radius, and hence drops into the tower. Criteria #4 starts a drop on the
plume centerline at the tower edge, therefore it will not predict a drop falling
back into the tower.

It is interesting to determine the relative impact these criteria have on deposi-
tion location and character. From (Figure 7-1 to 7-11) and Table 7-3, we see that
for D < 100 um, the criteria have essentially the same effect both in downwind
distance to deposition and in final drop diameter.

Final distance to deposition as determined from the four breakaway criteria for
drops sized 200 um - 900 um differ among them from 50% to a factor of four for

the diameters tested. However,.the moré common breakaway methods, Criteria #]

and 2 differ generally by 50-70% in terms of computed downwind deposition distance.
This difference is not very large. In terms of actual distances, the breakaway
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criteria lead to the greatest sensitivity in predictions for the smaller drops
that strike the ground at large distances. We note from Table 7-3 that the final
size of the droplets as they strike the ground hardly change among the four
criteria for D) < 300 um. Clearly, these drops have evaporated to their final
state and are in Phase III of their evaporation history. Table 7-3 shows that
the final sizes of the droplets are not significantly different from any of the
breakaway criteria tested (except for the 400 um droplet).

The next set of sensitivity tests involves droplet concentration for D0 = 200 pm,
our standard drop size (Figure 7-12 and 7-13). For Criteria #1, 2, and 3, no
change occurs in Iocatfon of breakaway since our drift model does not assume any
evaporation or condensation within the plume. Criterion #4 does allow droplet
evaporation to occur while the drop is in the plume; however, only negligible
differences are present. Thus, plume and breakaway predictions are essentially
independent of droplet salt concentration. However, the effect of droplet con-
centration is very significant on the location and final diameter at deposition.
Clearly, the larger salt concentration within the drop reduces evaporation after
breakaway and leads to a large (and heavier) drop state.

The effect of ambient relative humidity variation is noticeable but not signifi-
cant on the location at breakaway (Figure 7-14 to 7-17). The location of drop
‘breakaway is affected through the relative humidity influence on the plume. The
increase in ambient atmospheric moisture leads to a more moist and therefore more
buoyant plume as it entrains additional moisture from the ambient air. The
associated increase in plume buoyancy leads to a higher rising plume and therefore
higher breakaway locations for those higher relative humidity cases. The differ-
ence in ground deposition character (distance and final diameter) depends largely
on evaporation characteristics of the drop after breakaway. Note that the final
diameter has been reached in the 30% and 70% relative humidity cases. Even though
the drop under 30% relative humidity evaporated more rapidly, traveling a longer
time with a smaller settling velocity (leading to a larger distance to deposition),
not much difference is noted between the ambient relative humidities of 30% and
70% in terms of deposition distance. However, for the larger relative humidities,
80% and 90%, drop evaporation is more inhibited leading to a significantly shorter
distance to deposition in these caseS.

The effect of changes in ambient temperature (Figure 7-18 to 7-21) provide only
small effects in drop breakaway locations and these effects are due to changes in



plume characteristics. It éhou]d be noted that for each ambient temperature chosen,
T=-10, 0, 10, 20°C, we assumed that the tower would add an additional 20°C to
provide the exit temperature. The exit velocity was assumed unchanged. [A more
detailed study would employ.a tower model to actually predict the exit temperature
and velocity for those ambient conditions. We felt that this kind of detail was
not warranted for the purposes of our study.] Note that the final diameter in
each case is unchanged because our 200 um drop deposited at its final state in
each case tested. The effect of a variable ambient profile with the same averages
over maximum plume height as our uniform profile case reveals sharp differences
(Figure 7-22 to 7-25). The more unstable the atmosphere, the higher the plume
rises and consequently the higher and further the drop gets released. The precise
distance to deposition is a more complicated function of the conditions tested.

The effect of wind velocity is very significant (Figure 7-26 to 7-30). Clearly,
the Targer the wind speed, the more bent-over the plume is and the lower the
breakaway location will be. The distance fo the release point is not so predict-
able. Several factors have significant interplay:
1. the larger the wind speed, the greater the tendency for the droplet
to be transported downwind before breakaway (note the effects of

U=1, 4, 5, 10 m/s on Criteria #1, 2 as increased wind speed in-
creases the downwind distance to breakaway).

2, the larger the wind, the greater the deviation a drop has from the
plume centerline (see effects of U= 1, 4, 5, 10, 20 m/s on
Criteria #3 leading to faster breakaway as wind speed increases).

3. for the largest winds, U = 20 m/s, the increased mixing effect of
the tower wake causes rapid dilution and reduction in plume center-
line velocity to the point where the downwind location to breakaway
for U = 20 m/s is significantly shortened (compared to the cases
U=1, 4, 5, 10 m/s) for Criterion #1.

Note that the distance to deposition does not always increase for the larger
winds. The special cases (U = 20 m/s for Criteria #1, 2) reflect the Tower

. release heights for those cases—-as compared to lower wind runs. Also notable is
that for U =1, 4, 5, 10, 20 m/s, the drop evaporated to its final state which
was identical for all cases. Clearly, our drop size was kept at 200 um, the
ambient environment was otherwise unchanged, and the drops in each case had
sufficient time to evaporate to final state.

We finally focus attention to Table 7-4 which presents, for Criterion #5, the
distribution of fractions for breakaway at different distances downwind. In each
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case, these fractions are presehted for different distance increments downwind.
For the standard case, for instance, the fraction of 200 micron drops which

Jeaves the plume in the downwind distance range 0-100 m is 0.435. For the distance
100-200 m, the fraction of mass of 200 um drops falling from the plume is 0.130.

At a distance 740 m downwind of the tower, all the mass of 200 um drops emitted
from the tower has dropped from the piume. Sum totals are given for each run.
Comparisons of breakaway fractions computed from this distribution method may be
made with the results given in Table 7-3 for the other breakaway criteria. The
results of those comparisons show the following:

1. In the cases of drop diameters 500-1000 um, the new Hanna method
(Criterion #5) predicts breakaway earlier than Criteria #1, 2, 3,
and 4 do. The same is true, but less emphatically, for drop sizes
300-400 um where the new Hanna breakaway criterion predicts a
majority of mass fallen away before the other methods release their
drop mass at one location. For drop sizes 50 ym and 100 um,
Criteria #1, 2, 3, and 4 release their mass earlier than the new
Hanna criterion does; actually some of the Criterion #5 mass is
released earlier than predicted by the other methods but that mass
fraction is quite small for the 50 and 100 um drops.

2. For the cases where drop concentration, ambient relative humidity,
ambient temperature, and ambient profile distribution were varied,
we see essentially no changes. For drop concentration variation,
there indeed were no changes. Indeed, for Criteria #1, 2, 3, and 4,
changes were present but were insignificant. For Criterion #5, the
formulation for mass fraction breaking away depends only on local

_plume radius; this plume radius is not significantly affected by
our changes in ambient relative humidity and ambient dry bult temp-
erature. Surprisingly, the effect of changing the vertical ambient
profile showed insignificant effects as compared to Criteria #1, 2,
and 4. In our opinion, this insensitivity of Criteria #3 and 5 to
such significant ambient changes indicates a lack of physical repre-
sentation.

3. The effect of wind speed is very interesting. When the wind is
increased from 1 m/s to 4, 5, 10, and 20 m/s, the mass fraction
released from the plume between 0-100 m is greater than the 1 m/s
case. The mass fractions then decrease (compared to the U = 1 m/s
case) from 100 m to about 400 m. At 400 m, all the mass of 200 ym
drops has been emitted from the plume for U = 1 m/s. However,
beyond 400 m, mass is still released up to a larger distance de-
pending on wind speed. The effect of wind speed is not as great
for Criterion #5 as it was for Criteria #1, 2, 3, and 4.

CONCLUSIONS

It is clear from the above study that the five breakaway criteria tested provide
significantly different predictions of droplet breakaway locations and resulting
drop deposition distances for the intermediate range of droplet sizes, 100-850 um.
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The breakaway criteria are least sensitive for the smallest (D° < 100 um) and
largest droplets (D0 > 850 um). Other than initial droplet size, the second

most important parameter in determining breakaway location and deposition distance
is ambient wind speed, not only on its effect on the plume (and therefore the drop)
but also its effect on drop trajectory after breakaway. Surprisingly, Criteria #3
and 5 show a Tevel of insensitivity to some important variations such as ambient
profile chosen (neutral, unstable, or stable) and wind speed for Criterion #5.

Our assessment of which criterion is superior will have to await the completion
of our comparisons of our drift model predictions (all five breakaway criterion
to be tested) with Chalk Point Dye Study Data.
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Table 7-1

Summary of Formulas for Breakaway Criterion #4

Vapor Concentration in Environs of Droplet

(]
1]

(m]
1}
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(2)
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2 -2(z-1,)?

Z) +<Ca'Ca(ZD exp —R-z—c—
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-2(z-zc)2

Ca + 2 (C-Ca) exp ——Rz———

pm

radius of tower
moisture radius of plume at local drop position

ambient vapor concentration calculated from the Tocal ambient
temperature and humidity at elevation Z

ambient vapor concentration averaged over ambient encompassing
plume cross-section

plume vapor concentration averaged across plume (top hat value)
above drop calculated from plume temperature and plume mixing ratio

vapor concentration "seen" by drop
vertical elevation (of drop)
vertical elevation of plume centerline

Temperature in Environs of Droplet

-
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—
]
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. -2(2-1,)°
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_ -2(2-2,)?
Ty + 2 (T-T,) exp T
pt

radius of tower

temperature radius of plume at local drop position

ambient temperature at elevation Z of drop

ambient temperature averaged over plume cross-section

plume temperature averaged across plume cross section (top hat value)
"ambient" temperature that drop "sees"

vertical elevation (of drop)

vertical elevation of plume centerline



Table 7-1 (Continued)

Summary of Formulas for Breakaway Criterion #&

Vertical Velocity of Drop

-2(z-1,)?
W = wp exp __EZ-_——_
pm

where

W = upward velocity acting on drop from influence of plume

wp = plume centerline velocity above drop (top-hat value)

Rpm = momentum radius of plume

z = vertical elevation (of drop)

Zc = vertical elevation of plume centerline
Note: An iterative scheme is used to,check whether the computed vapor concen

tration and temperature "seen" by the drop lead to supersaturated
conditions. If so, a correction is made to assume only saturation
conditions.



Table 7-2

Variable Ambient Conditions Tested in the Parametric Study
on the Effects of Different Breakaway Criteria

T(z) = T(10m) - 0.01 [z - 10]
NEUTRAL : {u(z) = v(om) - [ 55177

q = Constant

T(z) = T(10m) + 0.028 [z - 10]
MODERATELY STABLE: {u(z) = u(1om) - [ %‘G ]0'45

q = Constant

T(z) = T(10m) - 0.018 [z - 10]
MODERATELY UNSTABLE: {U(z) = U(10m) - [-zm ]O'1

q = Constant

Note: The value of q is the mixing ratio at T = 10°C, RH = 70%.

Note: The average temperature and wind speed (averaged from
ground level to the height where the plume enters the diffusion
phase) for each of the three profiles is equal to t = 10°C,
U=4m/s. These latter values are the constant ambient vari-
ables for our standard case. Fully-mixed conditions (q = Constant)
is assumed for each of the three profiles and is the same mixing
ratio as for our uniform profile standard case.
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Figure 7-2 Comparison of Drop Trajectories Predicted with the ANL Drift
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Figure 7-7. Comparison of Drop Trajectories Predicted with the ANL Drift
Model under Different Breakaway Criteria
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Section 8

Performance of ANL Drift Model with
Chalk Point Dye Study Data

At this point in the development of our drift model, we have combined our ANL single
tower plume model with the University of I11inois droplet evaporation submodel
through a choice of any of five breakaway methodologies. A ballistic method for
deposition is used at present. The sensitivity study carried out in Section 7
revealed the kinds of differences that one can expect from the various choices in
breakaway methods. Section 7 also provided some insight into which of the breakaway
methods appeared to provide the most physically reasonable behavior when key para-
meters were varied. ’

This section provides an important test of the ANL model with the different break-
away methods. Here ANL Model predictions are presented for the 1977 Chalk Point
Dye Study. Details of the field program, data analysis, and comparisons with
predictions of existing models appears in Section 4 of this report. The reader is
referred to that section for background details.

Results of predictions of our model (with the breakaway method alternatives) are
compared to the 1977 Chalk Point Dye data in Table 8-1 and Figures 8-1 and 8-2.
The method of preparing the ANL model's predictions follows the methodology presented
in Section 4 for the remaining of the other 12 models tested in Section 4. We see
from examining Table 8-1 and Figures 8-1 and 8-2 that Method 5 largely under-
predicts drift deposition in nearly all categories except average diameter at 0.5
and 1.0 km distances. Method 3 largely overpredicts sodium deposition at 1.0 km.
Methods 2 and 4 perform best with Method 4 providing overall better performance.
Method 4 breakaway (also Method 2) in the ANL Model provides as good a performance
as any of the other models tested in Section 4 of this report. In terms of model/
data comparisons alone it is on par with the ESC/Schrecker Model which performed
best with this 1977 Chalk Point data.



It is useful to view the ANL model/data comparisons just presented for this 1977
Chalk Point Dye data in the light of the model/data comparisons presented in Section
4 for 12 existing models. Here we present a simple statistic as a simple measure

of model performance: a model succeeds in its prediction of drift at a given samplel
if that prediction is within a factor of three of the measured data. Success

within a factor of three means that the prediction is within the range encompassed
by one-third and three times the measured value. Samples where either the measured
value is zero or the model prediction is zero are not counted. Other statistics

can be used but it is thought that this simple one provides a quick assessment of
comparative model performances. The same statistic is used with some success in
Volume 5 to assess the performance of the ANL multiple-source drift model with

field data.

Tables 8-2 to 8-4 present the results of our factor-of-three comparisons. Success
within a factor-of-three is indicated with a "Y" (yes) while failure is represented
with an "N" (no). A "-" refers to either (a) a prediction or data value of zero,
or (b) the inability of the model to predict that quantity used for comparison
purposes. Comparison tables are presented for sodium deposition flux, drop number
flux, average diameter, and 1iquid mass deposition flux. If we do not distinguish
between successes and failures among different deposition indicators, we arrive at
the following dichotomy in model performances

1. .only one failure in prediction over entire measured data:
ANL Model (Breakaway Criterion #2)
ANL Model (Breakaway Criterion #4)
Wolf I
Wolf II

2. two failures in prediction over entire measured data:
HoslTer-Pena-Pena (ANL)
MRI .

Wigley-Slawson

Wigley-Slawson (profiles)

3. three failures in prediction over entire measured data:
ANL Model (Breakaway Criterion #1)
ANL Model (Breakaway Criterion #3)
ANL Model (Breakaway Criterion #5)
ESC Schrecker
ESC Schrecker (limited)

Clearly, this statistic of model performance as applied to the 1977 Chalk Point
data is a rather crude one and does not underscore the important differences that
exist among the models. However, it does identify the better performing models
and they are the ones we expected to perform well from analysis of the graphs of
model/data comparisons. We know that the ESC/Schrecker (limited) model is not as

8-2



theoretically sound as the original ESC/Schrecker Model. Theoretical considerations
indicate the superiority of the Wigley-Slawson (profiles) version as compared to

the Wigley-Slawson model. The MRI and Wolf II models have significant theoretical
limitations (1). As a result, we reaffirm our conclusions as to the identity of
the superior drift models and the good performance of the ANL Model with these

1977 Chalk Point Dye data.

It must be recognized that this data set does not provide a general test of

models since (a) it is only one set of measurements, and (b) the data represent
very special conditions: moderate-to-large wind speed, high ambient relative
humidity, and strongly stable ambient stratification. Under these specialized
conditions, a large portion of a drift model becomes untested. For instance, the
above ambient conditions imply a minimum effect of evaporation (due to high ambient
relative humidity) and ambient turbulence effects (due to the closeness of the
samples to the tower and the large drops that must strike there).

These data also represent the only high quality drift data available from a single
natural-draft tower. Consequently, true validation for any of these models requires
a much larger quantity of high-quality field data taken under a variety of ambient
and tower conditions. Due to the unavailability of this kind of data, we must rely
heavily on models with more correct theoretical assumptions. We can only say then
that the ANL model (with breakaway Method 2 or 4) is of stronger theoretical
development in terms of plume rise and droplet evaporation submodels than the
models we previously evaluated in Sections 2-4 and therefore can be generally
expected to provide better performances in new applications with new data. The
final judgment on our model can be made only upon the acquisition of high-quality
data taken under widely-varying conditions and the testing of our model with that
data. Until then, we must be satisfied with a model with as strong a theory- as
possible but with validation 1imited to available data.
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